
ABSTRACT 

MATTHIADIS, ANNA STALLMANN. Integrated Approaches in the Study of Arabidopsis 
thaliana Iron Deficiency Regulation. (Under the direction of Terri Long). 
 
Iron deficiency is a significant issue for agriculture and human sustainability. Plants have 

evolved to respond to iron deficiency through strategies that make iron more available in the 

soil and maintain required but not toxic levels of iron within the plant. This critical balance 

requires precise and complex regulation via gene regulatory networks. Here, I use both 

molecular and systems biology approaches to ascertain the role of regulatory players in the 

iron deficiency response.  

First, I explore the E3 ligase BRUTUS (BTS) and its role in the iron deficiency 

response. I investigate how the domain structure of the E3 ligase BRUTUS (BTS) facilitates 

iron dependent stability and subsequent degradation of target proteins. The role of BTS is 

extended beyond the iron deficiency response to other abiotic stress responses through its 

interaction with and degradation of the abiotic stress regulators VOZ1 and VOZ2. Finally, I 

expand the iron network as a whole by using computational techniques to identify 

transcriptional regulators of BTS and of other known iron genes through the development of 

the Cluster and Differential Alignment Algorithm (CDAA). This algorithm is a useful tool to 

highlight missing regulatory nodes and make specific regulatory predictions. Once this small 

network of regulatory relationships is produced, I gather additional experimental data to 

incorporate in a system of Ordinary Differential Equations describing the dynamics of these 

relationships. The results of this project extend beyond the immediate field of iron nutrition 

and can inform similar systems biology approaches.   
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CHAPTER 1: INTRODUCTION 

Overview and approach 

Developing an understanding of the molecular mechanisms by which plants regulate their 

response to abiotic stress is critical to addressing the challenges of modern agriculture. 

Specifically, manipulating plants to optimize growth despite extreme conditions in the face 

of global climate change requires a holistic view of stress responses both in isolation and in 

combination. Iron homeostasis is a particularly interesting and challenging area to explore 

because both iron deficiency and toxicity are plant disorders that can greatly affect yield. Iron 

deficiency is also an issue for humans, with plants representing a significant source of dietary 

iron and having the potential for biofortification (Murgia et al., 2012). Advances in the field 

of iron homeostasis, therefore, could improve crop yields in diverse abiotic conditions 

(environments that promote iron deficiency or toxicity) and improve human health. The 

complex and often redundant mechanisms that help maintain iron homeostasis throughout the 

plant present challenges in applying research findings to agricultural practices. Enhancing 

iron uptake in the root without considering proper mobilization of iron and other unintended 

metals could lead to toxicity. Similarly, increased sequestration of iron into seeds to improve 

nutritional value could be negatively impacted by the presence of antinutrients like phytate 

(Murgia et al., 2012). Despite these complications, improvement in iron nutrition overall is 

feasible (White & Broadley, 2009; Murgia et al., 2012; Vasconcelos et al., 2016). Iron is the 

fourth most abundant element in Earth’s crust and deficiencies thereof are an issue of 

availability and localization not of quantity. A more informed understanding of how to make 
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iron more available and to direct it to plants and tissues of interest is a primary goal of iron 

research in the plant sciences. 

 In this study I focused mainly on how plants respond to iron deficiency, though 

knowledge gained is also likely to improve an understanding of iron mobilization and 

potentially iron toxicity as well. The most well studied aspects of iron deficiency are limited 

to the very beginning or input of the iron deficiency response and to the overall phenotypic 

output of the plant. The phenotypic outputs of interest for this study are molecular 

phenotypes (differences in gene expression and protein accumulation), physiological 

phenotypes (iron reductase activity and rhizosphere acidification), and morphological 

phenotypes (chlorosis and primary root growth inhibition). The overall objective of this 

research project is an increased understanding of the regulatory connections between iron 

deficiency and its phenotypic outputs without losing sight of the big picture. The introduction 

therefore starts by exploring the element iron itself and some of the initial responses to iron 

deficiency in a plant. Predictions on the source of the iron deficiency signal will be 

discussed, though unfortunately information about the iron signal itself is relatively limited. 

Though not the explicit goal of this study, analysis of responses to unknown iron deficiency 

signaling mechanisms may shed some light on the nature of these signals. Similarly, 

phenotypic outputs may reveal more about the molecular signatures leading to them. For 

example – plant growth is reduced under many abiotic stresses, but what specifically about 

iron deficiency is responsible for the typically exhibited chlorotic shoots and reduced primary 

root growth? 
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It is overly ambitious to describe every factor that could impact iron homeostasis. 

This study is focused on mechanisms that regulate iron deficiency, therefore regulation 

(transcriptional and post-transcriptional) will be of focus. Such a focus is important for the 

long-term goal of improving iron homeostasis agriculturally. An understanding and 

manipulation of transcription factors holds great potential for broad improvements to plant 

response to changing environments in the future (Century et al., 2008; Takeda & Matsuoka, 

2008). Post-transcriptional regulation of proteins also plays an important role in abiotic stress 

response. We therefore explore the role of protein degradation in iron deficiency and 

potentially other stress responses through study of the E3 ligase BRUTUS. The introduction 

will be structured by first describing iron homeostasis as a whole (continued in Chapter 2), 

the protein BRUTUS (BTS) and its domains (corresponding to Chapters 3-5) second, and 

finally computational approaches used in this study and in the study of other stress responses 

(corresponding to Chapters 6-8). The introduction will conclude with thoughts on the 

direction of the field and areas to proceed beyond the immediate conclusions of this study.  

 

Plants and iron availability 

Iron (Fe) is a transition element that can readily change states between the ferric (Fe3+) and 

ferrous (Fe2+) forms. This redox activity lends utility to a number of cellular processes. 

Specifically, iron is a key component in iron-sulfur proteins, heme proteins, and other iron 

proteins – each of which play important roles in processes including photosynthesis, 

respiration, and overall protein synthesis (Hänsch & Mendel, 2009; Broadley et al., 2012). 

The same redox activity that grants iron its widespread roles in plant systems can also be 
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deleterious to plants if left unchecked. Free iron can readily produce harmful reactive oxygen 

species through the Fenton and Haber-Weiss reactions (Broadley et al., 2012). When 

performing cellular functions, therefore, iron is bound as a cofactor in protein structures. Free 

iron in transport and storage must be chelated to some molecule to prevent these deleterious 

reactions.  

Most plants transport iron in its ferrous (Fe2+) form, yet concentrations of ionic Fe2+ 

in soil are generally low because iron readily forms hydroxides, oxyhydroxides, and oxides 

in the presence of oxygen (Lemanceau et al., 2009). Iron’s availability, therefore, is 

dependent on pH and oxygen content of soil, with solubility decreasing substantially for each 

unit increase in pH (Brown, 1978).  

The most obvious shoot phenotype associated with iron deficiency is chlorotic leaves. 

This reduction in chlorophyll concentration is due to the importance of iron in multiple steps 

of chlorophyll biosynthesis and electron transport in Photosystems I and II (PSI and PSII) 

(Briat et al., 2015). More critical than total plant iron content is the localization and binding 

form of the iron. Altered activity of certain key iron transport proteins, for example, can lead 

to chlorotic symptoms despite unaffected total iron content (Zhai et al., 2014; Mendoza-

Cózatl et al., 2014). Iron is mainly utilized in the shoot and acquired at the root. The root, 

therefore, exhibits a number of morphological responses to iron deficiency. Formation of 

transfer cells and alterations in root hair development may help increase availability and 

uptake of iron and reduction in primary root growth under extreme iron deficiency may be a 

consequence of overall reduced growth and metabolism (Schmidt, 1999; Schmidt et al., 

2000; Gruber et al., 2013; Li et al., 2016a).  
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 It is difficult to ascertain the exact effects of iron deficiency on a molecular level 

because iron plays a role in innumerable processes throughout the plant. Some of these 

processes lead to obvious phenotypes when altered and some may be affected only when iron 

deficiency has reached a certain threshold or co-occurs with other plant stresses. Such an 

understanding, though complex, will be vital in future studies. For example, a better 

understanding of recognition of iron deficiency and subsequent signaling requires an 

understanding of the molecular processes, proteins, cells, and tissue types that are most 

sensitive to alterations in iron concentrations and could be first to sense and respond. Such 

immediate and precise responses are likely muddled and hidden in currently available 

datasets that are limited in large part to whole tissues and largely spaced time points 

(Dinneny et al., 2008; Buckhout et al., 2009; Long et al., 2010). As large datasets continue to 

be collected at finer time points and in specific cell types, it will be possible to compare this 

data to whole system data and more easily describe the system of interactions responding to 

iron deficiency as opposed to only the most dramatic and ubiquitous players in the system.  

Such a reality proved to be limiting in the computational approaches applied in Chapter 8, 

though this limitation was acknowledged and additional planned experiments will go further 

in clearing up these issues. One proposed tactic for understanding iron limitations without the 

complications of multiple cell and tissue types in the mean time is referring to iron deficiency 

in the single-celled algae Chlamydomonas reinhardtii (Rochaix, 2002; Merchant et al., 2006; 

Glaesener et al., 2013). In C. reinhardtii, severe iron deficiency (iron-limitation) is 

highlighted by chlorosis, reduced growth, and a reduction in specific iron-containing proteins 

in the chloroplast including iron containing electron transfer complexes, Photosystem II 
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complex (PSII), cytochrome b6f complex, and Photosystem I complex (PSI) (Moseley et al., 

2002; Glaesener et al., 2013). Notably, despite an oversimplified system, many genes 

involved in responding to iron deficiency are conserved between C. reinhardtii and A. 

thaliana (Urzica et al., 2012). 

  Considering the broader implications of iron requirements and availability 

necessitates moving beyond algae and Arabidopsis to the effects of iron deficiency on 

biomass in land and sea. Iron is a limiting factor for biomass and seed yield in crops 

including but not limited to rice (Gile & Carrero, 1920), peanut (Young, 1967), chickpea 

(Saxena & Sheldrake, 1980), soybean (Froechlich & Fehr, 1981), and sorghum (Clark et al., 

1988). Iron is also a limiting factor for phytoplankton, leading to effects in overall ocean 

productivity (Martin & Fitzwater, 1988; Sunda & Huntsman, 1997). Iron deficiency is most 

likely to occur in calcareous soils, which represent around 30% of cultivated soil worldwide 

(Mori, 1999). In the United States, for example, iron deficiency is prevalent in soybean and 

tolerance to this deficiency is a commonly assessed agronomic trait for this species (Hansen 

et al., 2006).  Beyond using more tolerant varieties or applying additional iron, current 

strategies to combat iron deficiency in agriculture and human health involve modification of 

molecular mechanisms of iron acquisition, movement, or regulation. 

 

Iron acquisition strategies 

At the molecular level, recognition of iron deficiency leads to the activation of strategies to 

increase availability and acquisition of iron. Grasses (graminaceous species) utilize a 

chelation system called the Strategy II response wherein phytosiderophores are released, 
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bound to ferric iron (Fe3+) in the rhizosphere, and transported into the root via Yellow Stripe 

(YS) and Yellow Stripe-Like (YSL) family transporters (Marschner et al., 1986; Curie et al., 

2001; 2008). Most other plants, Arabidopsis thaliana included, utilize a reduction system 

called the Strategy I response to acquire iron in a useful form from the soil. This strategy 

involves rhizosphere acidification followed by the reduction of ferric iron compounds in the 

soil prior to uptake (Marschner et al., 1986). The genes involved in this response in A. 

thaliana have been identified and well studied. The plasma membrane H+-ATPase AHA2 

facilitates rhizosphere acidification through proton extrusion (Harper et al., 1990; Santi & 

Schmidt, 2009). The action of plasma membrane proton pumps in general not only acidifies 

the rhizosphere but also helps to maintain a critical electrical and pH gradient on the cell 

membrane, necessary for mineral uptake, turgidity, and growth (Michelet & Boutry, 1995). 

The ferric-chelate reductase FRO2 reduces iron from the ferric (Fe3+) to the ferrous (Fe2+) 

form (Robinson et al., 1999). Finally, the divalent iron-regulated transporter IRT1 acts as a 

high affinity importer of ferrous iron (Fe2+) into epidermal root cells under deficient 

conditions (Eide et al., 1996; Vert et al., 2002). Import of iron under non deficient conditions 

likely is not limited to the action of IRT1 but is accomplished via a combination of IRT1, 

apoplastic flow of iron ions, the low affinity transporter NRAMP1, and potentially other low 

affinity transport mechanisms (Castaings et al., 2016). This well characterized response may 

also be aided by the production of secondary metabolites in the roots; exudates including 

flavins and phenolics could play an important role in situations when the Strategy I response 

is less effective, for example at high pH (Jin et al., 2007; Rodríguez-Celma & Schmidt, 2013; 

Fourcroy et al., 2014; Schmid et al., 2014; Fourcroy et al., 2016; Tsai & Schmidt, 2017).  
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Overall, as studies in the field of iron deficiency become more in depth and expand to 

include additional species, it becomes apparent that the strict delineation between Strategy I 

and Strategy II response is perhaps an oversimplification. Rice (Oryza sativa), a Strategy II 

plant, also expresses functional ferrous iron (Fe2+) transporters OsIRT1 and OsIRT2 

(Ishimaru et al., 2006; Ricachenevsky & Sperotto, 2014). Molecular evidence suggests that 

the Strategy II plant peanut (Arachis hypogaea) is capable of importing phytosiderophore-

bound iron secreted by intercropped maize (Zea mays) or hydroponically grown wheat 

(Triticum aestivum) (Xiong et al., 2013). Such a phenomenon has also been reported in 

Arabidopsis (Arabidopsis thaliana) and tobacco (Nicotiania tabacum) (Vansuyt et al., 2007; 

Shirley et al., 2011). Viewing through an ecological lens it appears that each strategy is 

beneficial in particular environments and a better understanding of the evolution of iron 

deficiency responses will be extremely valuable (Ricachenevsky & Sperotto, 2014). For 

example, the unexpected Strategy I features exhibited in rice were proposed as an 

evolutionary adaptation to flooded rice paddies where ferrous iron is more prevalent than 

ferric iron (Ishimaru et al., 2006).  Manipulation of iron acquisition represents a promising 

strategy for improving tolerance to iron deficiency and accumulation of iron in crop plants 

and has so far resulted in enhanced rice yields in calcareous soils through the transgenic 

introduction of increased phytosiderophore secretion or a high pH adapted ferric chelate-

reductase (Takahashi et al., 2001; Ishimaru et al., 2007; Briat et al., 2015). Recent studies 

point to a key role for ferric chelate reductase in particular in plant survival under iron 

deficient conditions. In A. thaliana, natural variation in FRO2 expression and activity is 

associated with root growth and overall phenotype under iron deficiency (Satbhai et al., 
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2017). Similar results have also been seen in soybean, where iron reductase activity is 

associated with iron efficient lines (O'Rourke et al., 2007) and transgenic overexpression of 

FRO2 can reduce chlorosis and increase chlorophyll and overall growth (Vasconcelos et al., 

2006).  

 

Iron movement throughout the plant 

Following its uptake to the epidermis, iron moves through the root symplastically and 

apoplastically until it reaches the casparian strip and must be actively transported into the 

endodermis, effluxed into xylem vessels, chelated to citrate, and transported to the shoot to 

be redistributed (Rellán-Alvarez et al., 2010b; Terzano et al., 2013). Efflux of iron itself may 

be mediated by FPN1 and efflux of citrate is likely mediated by the citrate transporter FRD3 

(Morrissey et al., 2009; Roschzttardtz et al., 2011). Iron is incorporated into various 

organelles  (including vacuole, chloroplast, and mitochondria) and storage proteins 

(including ferritin) in the plant mesophyll cells, but influx of iron to these tissues is not fully 

understood. The highest concentration of leaf iron is found in the chloroplast where it is 

incorporated into heme molecules, iron-sulfer clusters, and other metalloproteins (Hänsch & 

Mendel, 2009). Once transported into plastids, iron can be incorporated into ferritin, a 

storage protein capable of sequestering up to 4500 iron atoms that is utilized by plants to 

avoid oxidative stress under high iron conditions (Harrison, 1996; Ravet et al., 2009). 

Ferritin is therefore often used as a marker of iron stress at either extreme (Ravet et al., 

2009). Iron can be sequestered in the vacuole, with transport from cytoplasm to vacuole 

mediated by Vacuolar Iron Transporter VIT1 and transport from vacuole to cytoplasm, 
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particularly during seed germination, mediated by metal influx transporters NRAMP3 and 

NRAMP4 (Thomine et al., 2003; Lanquar et al., 2005; Kim et al., 2006). VIT1, NRAMP3, 

and NRAMP4 are all expressed in vasculature tissue, indicating potential importance in long 

distance transport (Thomine et al., 2003; Lanquar et al., 2005; Kim et al., 2006).  

Phloem movement of iron is important for mobilizing from shoot to seed and for 

signaling from shoot to root. In the phloem, iron is predominantly chelated to the molecule 

nicotianamine (NA) (Wirén et al., 1999; Suzuki et al., 1999; Klatte et al., 2009). Members of 

the Yellow Stripe-Like (YSL) family of transporters facilitate the movement of the 

nicotianamine-iron complex and the oligopeptide transporter OPT3 functions in iron 

transport to developing seeds through the phloem (Stacey et al., 2008; Chu et al., 2010; Zhai 

et al., 2014; Mendoza-Cózatl et al., 2014).  

 Agriculturally, manipulation of iron movement throughout the plant is perhaps even 

more promising than manipulation of response to deficiency or excess. Iron deficiency is also 

an issue for humans and plants can provide a cheap and effective source of dietary iron if it is 

abundant and bioavailable (Murgia et al., 2012) Overexpression of ferritin in transgenic rice 

for example, alone or in combination with nicotinamine synthase (to increase mobilization of 

iron) or phytase (to decrease presence of the antinutrient phytate) has been shown to greatly 

increase available and digestible dietary iron (Masuda et al., 2013). 

 

Regulation of iron homeostasis 

The genes involved in the Strategy I response and in subsequent iron mobilization are subject 

to a variety of regulatory controls. This control is critical given the potential deleterious 
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effects of excess iron as well as the nonspecific nature of some of the molecular players. As 

an example, overactive IRT1 can transport other toxic elements such as cadmium in excess 

(Connolly et al., 2002). Regulatory control is accomplished at the transcriptional, post-

transcriptional, and post-translational level.  The bHLH transcription factor FER-LIKE IRON 

DEFICIENCY INDUCED TRANSCRIPTION FACTOR (FIT), working together with 

homologs bHLH38 and bHLH39, regulates the key players in the Strategy I response 

(AHA2, FRO2, and IRT1) among other genes at the transcriptional and post-transcriptional 

levels (Jakoby et al., 2004; Bauer et al., 2004; Colangelo & Guerinot, 2004; Bauer et al., 

2007; Yuan et al., 2008; Ivanov et al., 2012). Some molecular components of the iron 

deficiency phenolic exudate system, including the phenolic synthesis enzyme feruloyl 

coenzyme A 6’-hydroxylase 1 (F6’H1) and the phenolic secretion transporter ABCG37 are 

also transcriptionally regulated by FIT (Rodríguez-Celma et al., 2013a; Schmid et al., 2014). 

FIT itself is regulated transcriptionally and post-transcriptionally. FIT is induced under iron 

deficiency but so far no transcription factors have been found to directly regulate its 

expression (Jakoby et al., 2004; Bauer et al., 2004; Colangelo & Guerinot, 2004). FIT protein 

is subject to 26S proteasome-mediated degradation under iron sufficiency and is kept stable 

by the central ethylene pathway transcription factors EIN3 and EIL1 and by nitric 

oxide(Lingam et al., 2011; Sivitz et al., 2011; Meiser et al., 2011). IRT1 is subject to 

transcriptional control by the circadian clock; its expression cycles under normal conditions 

and increases to a constant level under iron deficiency (Hong et al., 2013). Post-

translationally, IRT1 protein accumulation is also subject to cyclical regulation, undergoing 

continuous ubiquitination-dependent cycling and turnover between the plasma membrane 
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and early endosomes which maintains low IRT1 protein at the plasma membrane (Barberon 

et al., 2011).  

Iron mobilization genes appear to be regulated by a separate set of bHLH group IV 

transcription factors including bHLH27/PYE, bHLH34, bHLH104, bHLH105/ILR3, and 

bHLH115 (Rampey et al., 2006; Long et al., 2010; Selote et al., 2015; Zhang et al., 2015; Li 

et al., 2016b; Liang et al., 2017). Many of these proteins can interact with each other and 

ILR3 and bHLH115 in particular interact with and are subject to additional regulation via 

degradation by another iron protein, BRUTUS (Long et al., 2010; Selote et al., 2015; Zhang 

et al., 2015; Li et al., 2016b; Liang et al., 2017). The overall downstream output of 

modifications to one or more of these bHLH regulators (modified morphological and 

physiological response to iron deficiency) has been well documented and many direct and 

indirect transcriptional targets have been identified. However, an understanding of the 

mechanisms connecting these transcriptional targets to the overall response is lacking and is 

critical to understanding this complex system of regulation. The fact that so many regulatory 

players are involved, often in redundant fashion, reflects the critical balance of iron 

mobilization through the plant as well as the challenges in modifying such a system. 

Computational approaches, discussed later, are applied to this particular network in an effort 

to reveal patterns in regulation and relative impact of regulators individually and in 

combination.  

Regulation of iron homeostasis is not limited to transcriptional regulation. The 

phytohormones auxin, cytokinin, jasmonate, and ethylene and signaling molecule nitric oxide 

can all influence iron homeostasis, though mechanisms for these regulations are not fully 
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elucidated (Hindt & Guerinot, 2012). Interestingly, recent work indicates that iron deficiency 

reduces the accumulation of the phytohormone gibberellin (GA), leading to DELLA 

mediated repression of primary root growth (Wild et al., 2016). This supported molecular 

mechanism for an overall morphological output of iron deficiency will be useful to study the 

mechanisms by which regulatory players involved in iron homeostasis modulate this output 

(for example, the unknown mechanism by which roots of bts-1 mutant plants grow longer 

than wild-type plants under iron deficiency).  

Although much is known about the responses that are activated within plant roots and 

shoots upon sensing of iron deficiency as well as the overall physiological alterations 

following exposure to iron deficiency, far less is understood about the mechanism for sensing 

iron deficiency within the plant. It is unknown whether the initial response to iron deficiency 

is triggered by a single signal or a combination of signals and it is unknown if these signals 

originate in the root or shoot. Do plants sense alterations in the environment (via the root) or 

sense a deficiency in iron requirements throughout plant tissues? A dual regulatory system of 

local and long-distance signals has been proposed based on a number of studies showing that 

iron deficiency signals can originate from both the root and shoot (Grusak & Pezeshgi, 1996; 

Schikora & Schmidt, 2001; Vert et al., 2003; Enomoto & Goto, 2008; Hindt & Guerinot, 

2012; Gayomba et al., 2015). This conclusion is unsurprising given that the majority of the 

iron requirements for the plant are in the shoot and that iron is acquired through the root. 

Root-shoot signaling pathways are common for regulation throughout plant development and 

are seen in other nutrient deficiencies as well (Puig et al., 2012).  
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Plants grown in the field may be more likely to experience a slower onset of iron 

deficiency, manifested mainly through gradually heightened deficiency in shoot tissues, 

necessitating a shoot born signal to activate iron acquisition mechanisms or mobilization 

from other tissues. On the other hand, most molecular studies of iron deficiency in A. 

thaliana utilize a quick and dramatic shift to extreme iron deficiency (generated using media 

with the chelator ferrozine). In these conditions, it is more likely that the root could sense a 

change in environmental conditions and activate signaling cascades before the deficiency 

affected growth in the shoot. A greater effort to address and acknowledge the timing and 

degree of iron deficiency as well as the tissue in which molecular alterations are analyzed 

could help to clear up the complex range of signals and responses seen under iron deficient 

conditions.  

 

The protein BRUTUS; form and function 

Bacterial and mammalian iron sensing systems both operate using iron-binding proteins. Iron 

binding proteins in plants have therefore been of great interest and proposed as potential iron 

signaling mechanisms (Kobayashi & Nishizawa, 2014; 2015). One such protein is BRUTUS 

(BTS), which was originally identified due to the distinct induced expression pattern of the 

BTS gene under iron deficiency and a dramatic iron deficiency growth phenotype in bts-1 

mutant knockdown plants (Long et al., 2010). BTS is induced specifically in the vasculature 

of the root under iron deficiency (Long et al., 2010; Selote et al., 2015). In the shoot, BTS is 

expressed throughout development, most highly in young leaves and reproductive tissues 

(Selote et al., 2015). Previous studies point to a critical role for BTS, either specifically in the 
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iron deficiency response or potentially throughout development.  Additional mutant alleles of 

bts, likely knockout, are associated with embryo lethality (McElver et al., 2001; Selote et al., 

2015) and BTS orthologs play a role in iron deficiency in Oryza sativa (Kobayashi et al., 

2013), in nodulation in Lotus japonicus (Shimomura et al., 2006), and in Tobacco Mosaic 

Virus infection in Nicotiana tabacum (Yamaji et al., 2010).  

The BTS protein contains three predicted iron-binding hemerythrin (HHE) domains 

(amino acids 57-183, 316-445, and 666-824), one CHY Zn-finger domain (amino acids 

1006-1083), one RING E3 ligase domain (amino acids 1135-1180), and one zinc ribbon 

domain (amino acids 1180-1240) (Marchler-Bauer & Bryant, 2004; Selote et al., 2015). 

Before this study, BTS was predicted to bind iron at these domains as a means of self-

regulation and regulate other proteins through its E3 ligase domain. In Chapter 3, these 

predictions are supported with data demonstrating iron-dependent degradation of the BTS 

protein and BTS- and 26S proteasome-dependent degradation of target proteins. In Chapters 

4-5, I expand research on BTS protein composition and BTS’ role both in the iron deficiency 

response and also potentially in other abiotic stress responses through interaction with 

general stress transcription factors VOZ1 and VOZ2. 

 

Computational approaches 

Despite an evolving understanding of post-transcriptional regulation of the BTS protein, far 

less is known about transcriptional regulation of BTS and of other known iron deficiency 

regulators. Rather than individually screening through or analyzing potential regulators, a 

computational approach was developed to predict regulators of a full set of iron genes of 
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interest using currently available microarray time course data (Dinneny et al., 2008; Long et 

al., 2010; Koryachko et al., 2015b). Computational approaches (reviewed in depth in Chapter 

6) encompass the use of algorithms and equations to mathematically describe relationships 

between genes, proteins, or processes. Such computational approaches are often the basis of a 

systems biology approach, although a precise definition of systems biology can be fairly 

subjective (Chawla et al., 2012). A systems biology approach as it pertains to this study 

indicates the cycle of steps utilized: collection of large datasets, creation of models to 

describe this data, experimentation to test resulting predictions, and a return to data collection 

to continue the cycle. Although often described in opposition to traditional molecular 

approaches, systems biology and computational approaches can and have been used 

successfully in combination with traditional molecular studies for years.  These approaches 

are often used to analyze and make predictions from widely available high-throughput gene 

expression data and can range from the use of statistical tools to prioritize genes of interest to 

the use of Ordinary Differential Equations (ODEs) to describe gene network behavior over 

time (Koryachko et al., 2015a). In practice and particularly in this study, computational 

approaches allow an unbiased system to sift through and analyze data, which in turn can lead 

to the study of subtle or hidden genetic players that may be overlooked when viewing solely 

from a biological lens.  

We developed a specific computational approach, a set of steps named the Clustering 

and Differential Alignment Algorithm (CDAA), that identified novel regulators of known 

iron deficiency genes in Chapter 7. Development of the CDAA provided support for the use 

of algorithms to predict regulatory relationships between genes even while utilizing a large 
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dataset. This approach differed from more commonly used computational algorithms such as 

clustering, which group genes but do not make specific predictions that can be easily tested 

(Koryachko et al., 2015a). The ability to predict regulatory relationships is a feature that is 

often only available for small networks of genes that that have already been well studied. 

Moving on from this study, in Chapter 8 we create an ODE model to describe the dynamics 

of a small network of gene interactions. The creation of such a model is more valuable with 

the input of additional datasets that can be used to estimate parameter values. Such a model 

can predict the more complex effects of combinatorial mutants or of different levels and 

timing of iron deficiency. These different effects are both more likely to have a large impact 

on the biological system and to relate to biological realities. Furthermore, innumerable 

variations of inputs can be computationally modeled and predicted, saving large amounts of 

time and money that would have to be spent to biologically test various combinations of 

factors.  

A more thorough systems analysis of iron homeostasis, as of yet unachievable, could 

link networks on multiple -omic layers (transcriptome, proteome, and eventually phenome) 

in order to reveal actors most likely to impact overall system characteristics of interest. This 

limitation is common not just to iron deficiency, but also to all biological systems, where the 

collection of large datasets beyond the transcriptome is only recently becoming more feasible 

(Palsson & Zengler, 2010; Buescher & Driggers, 2016; Krumsiek et al., 2016). High 

throughput datasets have been collected in a number of plant species to analyze the plant 

response to iron deficiency at the level of transcriptome (Colangelo & Guerinot, 2004; 

O'Rourke et al., 2007; Dinneny et al., 2008; Buckhout et al., 2009; Zheng et al., 2009; Long 
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et al., 2010; Urzica et al., 2012; Rodríguez-Celma et al., 2013c,b; Mai et al., 2016), 

proteome (Brumbarova et al., 2008; Li et al., 2008; Wang et al., 2010; Donnini et al., 2010; 

Lan et al., 2011; Rodríguez-Celma et al., 2011; Lan et al., 2012; Rodríguez-Celma et al., 

2013a; Zargar et al., 2015; Meisrimler et al., 2016), ionome (Baxter et al., 2008), 

metabolome (Zuchi et al., 2015), and combinations thereof (Rellán-Alvarez et al., 2010a; 

Sudre et al., 2013; Pan et al., 2015). Despite this abundance of datasets, very few 

computational models describing these processes have been proposed. The few so far range 

from those exploring iron motif analysis (Kong & Yang, 2010), to broadly describing 

regulatory patterns and predicting new regulators (Koryachko et al., 2015b), to 

mathematically describing the behavior of the proteins involved in mobilization and 

acquisition themselves (Agafonov et al., 2016).  Limitations to current models include the 

whole root nature of most of these datasets. Iron homeostasis is very important on a cell and 

organelle specific level because it is required in specific locations and must be transported 

through or sequestered in different cell types (Dinneny et al., 2008; Long, 2011). Current 

approaches including those conducted in Chapters 7- 8 have been limited by this aspect. Very 

few cell type specific iron deficiency datasets have been collected – these include 

transcriptomic analysis of root radial and longitudinal zones (Dinneny et al., 2008), 

proteomic analysis of plasma membrane (Meisrimler et al., 2011), thylakoid membrane 

(Andaluz et al., 2006; Timperio et al., 2007; Laganowsky et al., 2009), and apoplastic fluid 

(Ceballos-Laita et al., 2015), and metabolomic analysis of xylem sap (Rellán-Alvarez et al., 

2011). Beyond generating more data, some options in the mean time include mining and 

combining cell type specific data and abiotic data, used to predict cell specific nutrient 
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response in root hairs of A. thaliana (Salazar-Henao & Schmidt, 2016). Similarly, cell type 

specific data for one time point of the iron deficiency response in the A. thaliana root is 

available and could be extrapolated to make predictions about cell specific networks over 

time (Dinneny et al., 2008; Long et al., 2010). Regardless, a major experimental goal to fill 

in gaps of our current understanding is and will remain the collection of whole -omic cell 

type specific time course data and computational approaches will be even more critical to 

analyze and make predictions from this data as it arises.  

 

Future perspective 

Some of the more interesting and valuable challenges remaining in the field of iron 

homeostasis center around the nature of iron deficiency signaling. Efforts to identify one or 

more iron deficiency sensors continue, though no clear conclusion has been reached beyond 

speculation. Understanding this is important in order to effectively address two agricultural 

iron challenges: manipulating plants to acquire more iron even when it is unavailable and 

modulating iron localization to enhance its accumulation in edible portions of the plant 

without reducing yields. Such a signal may not be transcriptional, and moving beyond 

transcriptional networks to include studying signaling molecules and post-transcriptional 

modifications to proteins will be necessary.  

Finally, addressing agricultural challenges in combination and to a degree and timing 

that is more agriculturally relevant should highlight those mechanisms of iron homeostasis 

that can be more effectively enhanced. Plate growth experiments using the iron chelator 

ferrozine are extremely convenient and have provided useful data up to this point that for the 
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most part has correlated to findings in crop species in the soil. That being said, the 

incorporation of a greater number of alkaline soil experiments to complement these plate 

experiments would ensure that responses are general to any form of iron deficiency and not 

just one created by a strong chelator. Even more interesting in a move towards soil-based 

experiments is the incorporation of the effect of the microbiome. Bacterial siderophores 

bound to iron or compost soil extract have been shown to affect iron nutrition in both 

Strategy I and II species including but not limited to A. thaliana, cucumber, maize, wheat, 

tobacco, and tomato (Walter et al., 1994; Vansuyt et al., 2007; Shirley et al., 2011; 

Carvalhais et al., 2013; Nagata et al., 2013). Recently, iron deficiency was shown to 

modulate the microbial community of tomato and barley (Pii et al., 2015). This evolving area 

of research is likely to provide an additional layer of data that computational methods could 

help to resolve and incorporate. In the future, modeling of these inputs that are predicted to 

have a strong effect on the iron deficiency response in crop plants will help to inform 

biofortification efforts and more efficiently connect laboratory findings to the field.  
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CHAPTER 2 

Ironing out the issues: Integrated approaches to understanding iron homeostasis in 

plants.  
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a  b  s  t  r  a  c  t

Plants  initialize  responses  to environmental  changes  at all  levels,  from  signaling  to  translation  and  beyond.
Such  is the  case  for fluctuations  in the  availability  of  iron  (Fe),  one of the  most  critical  micronutrients  for
plants.  The  results  of  these  responses  are  physiological  and  morphological  changes  that  lead  to  increased
iron  uptake  from  the  rhizosphere,  and  recycling  and reallocation  of  Fe,  which  must  be  properly  localized
within  specific  cells  and  cellular  compartment  for  use.  The  use  of  reductionist  approaches,  in  combination
with  in vivo  and  in  situ  Fe  localization  tools,  has  been  able  to  shed  light  on  critical  signaling  molecules,
transcriptional  regulators,  transporters  and  other  proteins  involved  in Fe  homeostasis.  Recent  advances
in  elemental  distribution  and  speciation  analysis  now enable  detection  and  measurement  of  Fe  and
other  elements  at resolutions  never  seen  before.  Moreover,  increasing  use  of systems  biology  approaches
provide  a  substantially  broader  perspective  of  how  Fe  availability  affects  processes  at  many  levels.  This
review  highlights  the  latest  in  vivo and  in  situ  iron  localization  approaches  and  some  of the recent  advances
in  understanding  mechanisms  that control  Fe translocation.  A broad  perspective  of  how  Fe localization
data  might  one  day be  integrated  with  large-scale  data  to create  models  for Fe  homeostasis  is presented.

© 2013 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Iron (Fe) is a critical nutrient for plants, essential for respira-
tion, photosynthesis, and a number of other required functions. Fe
bioavailability is determined, in part, by proper uptake and local-
ization throughout various organelles and cell types. Thus, the
regulation of mechanisms involved in these processes is tightly
controlled. Additionally, redox reactivity between Fe2+ and Fe3+

oxidation states make Fe a useful cofactor in respiration and photo-
synthesis, yet capable of creating damaging reactive oxygen species
if not chelated or stored. Based on these realities, the total soil or
plant Fe content is not particularly informative without considering
its more precise location and state.

Until recently, most Fe homeostasis studies describe gene
regulatory processes, the activity of Fe transport mechanisms
involved in the root, and the eventual use of Fe in specific cells and
organelles, such as leaf chloroplasts. A number of newer studies
are shedding more light on how Fe is translocated throughout the
plant, and on how it is localized and reallocated between cellular
compartments, cells and organs in response to Fe deficiency. How-
ever, there is still much that we do not know about Fe homeostasis
and response to Fe deficiency, and current knowledge about Fe
homeostasis mechanisms is limited by the nature of available tools
in plant research. The ability to determine the mechanisms of Fe
movement (intracellular and intercellular) and use throughout
a plant hinges on the ability to differentiate between various Fe
sources and pools, and to visualize Fe localization in vivo and in situ.
Recent advances in imaging techniques could provide momentum
for this field and will allow for a more broad and quantitative
understanding of Fe pathways.

An increase in the use of systems biology approaches, or the
use of large-scale high-resolution transcriptomics, proteomics,
metabolomics data to create predictive models [1], is also set to
substantially enhance our understanding of Fe homeostasis and
reveal emergent properties that lead to proper localization and
availability of Fe. Today, whole genome transcriptional profiles
exist for a wide range of species, for wild type and Fe homeostasis
mutants, for single time points, for whole roots across multiple
time points, for specific root developmental zones, and even
for specific cell types [2–7]. Proteomic profiles for Arabidopsis
thaliana (Arabidopsis), tomato, cucumber, sugar beet, and Med-
icago truncatula,  and metabolomics profiles for a number of species
are all revealing system-wide responses to Fe deprivation that
might even be conserved in animals [8,9]. How are plants able
to integrate these responses throughout the system? How do
transcriptional, posttranscriptional and metabolic responses lead
to increased Fe concentration in specific tissues, cells, and cellular
compartments? These and many other questions are yet to be
completely answered. However, a more holistic understanding of
Fe homeostasis is now emerging (Fig. 1). Excellent comprehensive
reviews of Fe homeostasis are found elsewhere [10–14]. Here, the
latest in vivo and in situ Fe localization technologies are discussed
with a focus on their current use and future utility. Additionally,
recent findings about Fe localization and what controls localization
are presented along with discussion of how we can advance this
knowledge by better integration of Fe localization tools with
systems biology approaches.

2. In vivo and in situ  technologies to visualize and quantify
Fe

The mechanisms that regulate physiological and molecular
responses to Fe deficiency all ultimately lead to the proper local-
ization and availability of Fe within specific organs, cells and
organelles. The diverse set of pathways controlling Fe acquisition

and localization are difficult to resolve without spatial and
temporal understanding. Recent imaging advances that enable
high-resolution detection, and, in some cases, measurement, of
elemental concentration in vivo and in situ are presented. While
a detailed review of many of these techniques is presented else-
where [15], we describe and compare methods that have been
utilized to advance knowledge of Fe homeostasis (Table 1). Unless
otherwise indicated most methods described below require the
use of instrumentation often available, with moderate training, at
many research institutions.

2.1. Histochemical staining

Perls staining is one of the oldest methods for visualizing Fe
in plants. Briefly, in the presence of acid and potassium ferro-
cyanide, acid hydrolysis releases ferric Fe from tissues, which can
then react with ferrocyanide ions, creating an insoluble, immo-
bile, and visible potassium Fe–ferrocyanide complex known as
Prussian blue [16]. Because of its specificity, low-cost, and sim-
plicity, this method has been widely used in plant samples to
visualize ferric Fe. The use of this technique has been somewhat
limited due to poor sensitivity and penetration of ferrocyanide in
hydrophobic tissues, making embryos with starchy endosperms
such as wheat grains difficult to stain [16]. Perls staining is also dif-
ficult to detect in heavily pigmented plant samples, such as seed
coats [17]. Perls/diaminobenzidine (DAB) staining was recently
developed to overcome these issues. In the presence of hydro-
gen peroxide and DAB, the redox active Perls complex causes
DAB to undergo oxidative polymerization, forming a brown col-
ored pigment [16]. Implementation of tissue fixation and thin
sectioning along with Perls–DAB stain can overcome the above
stated resolution and penetration problems, increasing resolu-
tion and sensitivity [18]. Perls/DAB staining is also inexpensive
and does not require specialized instrumentation or expertise,
making it one of the most popular in situ methods for detect-
ing Fe in plants today. However, this technique does not enable
quantification of elements and requires fixation for higher resolu-
tion.

2.2. Transmission electron microscopy–electron spectroscopic
imaging

Transmission electron microscopy (TEM) is a technique in
which the differential interaction of a beam of electrons with
an ultra-thin section of a specimen forms an image. Electron
spectroscopic imaging (ESI) couples an electron energy loss spec-
trometer with a conventional transmission electron microscope
to conduct quantitative imaging of the elements within the
specimen directly. Transmission electron microscopy–electron
spectroscopic imaging takes advantage of the fact that when an
electron beam hits the specimen, the dwelling time, loss of energy
and scattering of the beam will be different depending on the
elemental composition of the specimen [19]. This method has
been used to create a 2-dimensional representation of organelle
position in relation to Fe dispersion [20], resulting in high res-
olution in situ elemental maps. A downside to this method is
that thin sectioning and thus destructive sample manipulation is
required.

2.3. Energy-dispersive X-ray analysis

Energy-dispersive X-ray analysis (EDX or EDAX) is based on
the principle that each element has a unique atomic structure
resulting in a distinct and detectible emitted X-ray spectrum when
bombarded with high-energy electron beams [21]. It has been
used to detect Fe in thin embryonic sections of Avena sativa and
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Fig. 1. Examples of how proper localization of Fe (purple) requires control at many different levels, although much is still unknown (?). Interaction with ethylene-regulated
transcription factors Ethylene Insensitive3 (EIN3) and EIN3-LIKE1 (EIL1), and possibly ubiquitination [68,69] control FER-Like Iron Deficiency Induced Transcription Factor
(FIT)  stability. Iron-Regulated Transporter 1 (IRT1) is transcriptionally repressed by an unknown repressor susceptible to rapid turnover [58],  yet transcriptionally activated
by  FIT, which forms heterodimers with related bHLH proteins (BHLH38 and BHLH39) [56]. IRT transports Fe into root epidermal cells, but it can be post-translationally
modified by polyubiquitination and targeted for degradation in the vacuole (V) [67]. NAS4 (Nicotianamine Synthase 4) is transcriptionally repressed by PYE, which may  form
hetermodimers with homologs (PYE-like (PPL)) that may  be degraded by Fe deficiency-responsive BRUTUS (BTS) [3]. NAS proteins synthesize nicotianamine from SAM, a
product of the methionine cycle. Proteins involved in this cycle increases under Fe deprivation [60]. NA2+–Fe is transported from root to shoot [36]. Gray indicates degradation,
red  dots represent ubiquitination.

Casuarina littoralis embryos [22]. More recently it was  utilized
to detect decreased Fe–phosphate complexes in the vacuoles of
phosphate starved Arabidopsis plants, likely due to decreased Fe
chelation to phosphate and subsequent transport into chloroplasts
[23]. Similar to transmission electron microscopy–electron spec-
troscopic imaging, fixation is required for this method and Fe can
be detected at subcellular resolution.

2.4. Particle induced X-ray emission

When using particle induced X-ray emission (PIXE), elements
are exposed to ion beams (usually protons) that emit X-ray elec-
tromagnetic radiation specific to the element of interest. PIXE is
a non-destructive technique used to identify and quantify Fe in
tissues at the surface or near-surface layers [24]. Fixation of dry
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Table  1
Comparison of elemental analysis techniques currently utilized to detect Fe in plants. References for examples of usage are indicated.

Technique Detection method/
resolutiona

Advantages Disadvantages Findings

Perls/DAB Light microscopy
image/subcellular

Facile Fixation required for
highest resolution

Fe distribution during
embryogenesis, mature seeds,
germination, and throughout
development [18]

Does not require expensive
instrumentation or
technical expertise

Quantification not possible Role of many Fe homeostasis
genes

Transmission electron
microscopy/Electron
spectroscopic imaging

Electron energy loss
spectra/subcellular

High resolution Requires fixation Role of NRAMP3/4 [20]
Role of pH in seed ferritin
disassociation [51]

Energy-dispersive
X-ray analysis

X-rays/subcellular High resolution Requires fixation Fe–phosphate complexes in
vacuoles [23]
Fe mislocalization in
chloronerva [75]

Micro-particle induced
X-ray emission

X-rays/subcellular Does not require fixation of
dry samples

Wet samples must be
treated with
cryo-fixation or
chemical fixation

Fe in bean seeds [17]

3D elemental map
construction

Nuclear localization of Fe [26]

Synchrotron X-ray fluorescence
microtomography

X-ray fluorescence/cellular Does not require fixation of
dry samples

Instrument
inaccessibility and
expertise required

Role of VIT1, YSL1 and YSL3 in
Fe localization [45,50]

3D elemental map
construction

Turn-on fluorescent Fe3+ sensor:
RPE

Fluorophore/N/A In vivo imaging capability Not yet used in plants N/A

Secondary ionization mass
spectrometry

Secondary ions/cellular High sensitivity Instrument inaccessibility
and expertise required

Affect of Fe plaques on As
absorption in rice roots [34]

Laser ablation inductively coupled
plasma mass spectrometry
(LA–ICP-MS)

ICP-MS/cellular High sensitivity Sample ablated Fe detection in tobacco cells
[35]

a Resolution in published plant studies.

tissue is not required prior to analysis, which reduces the event of
metal leaching during fixative soak. However, a wet sample must
be treated either by cryofixation or chemical fixation to prepare for
imaging and maintain sample integrity [25]. Recently developed
Micro-PIXE (in which tightly focused beams are utilized for micro-
scopic detection of elements) substantially increased resolution of
this technique, allowing for subcellular visualization [25]. Micro-
PIXE was useful in imaging Fe in pea (Pisum sativum) embryos [26]
and bean embryos [17].

2.5. Synchrotron X-ray fluorescence microtomography

Synchrotron X-ray fluorescence (SXRF) visualized with micro-
tomography relies upon the unique absorption and fluorescence
characteristics of elements exposed to synchrotron-based X-rays
to create high-resolution 3D elemental maps [27]. Elemental
distribution maps can be created from image data to obtain semi-
quantitative metal concentrations. This method is non-invasive,
and particularly sensitive due to the high energy, tunability and
weak scattering of the synchrotron-based X-ray beams [27]. How-
ever, since the process requires use of beam time on a synchrotron,
cost to travel to and use a facility can be prohibitive. Seeds are a
favorable choice for X-ray analysis, based on seed stability due to
their low water content [28]. However, recent improvements in
sample preparation, detection speeds, and data acquisition have
enabled detection of nickel and zinc in hydrated cowpea roots [29],
increasing the likelihood of using this method to detect Fe in fresh
plant samples in the near future.

2.6. RPE, a turn-on fluorescent Fe3+ sensor

Nonspecific fluorescent probes for ions are commercially avail-
able, and can be used to detect ions and ion movement in vivo

in plants [30]. For example, use of the Fe2+-sensitive fluorophore,
Phen Green SK, was  used to show that ferrous Fe movement
into the chloroplast is due to a uniport-mechanism caused by
the membrane potential of the inner envelope [31]. Recently,
a highly sensitive, selective, and reversible turn-on fluorescent
Fe3+ sensor was  developed to detect intracellular Fe3+ levels
and sub-cellular Fe3+ pools in human live neuronal cells [32]. In
this technique methyl 6-(3′,6′-bis(diethylamino)-3-oxospiro-[iso-
indoline-1,9′-xanthen]-2-yl)picolinate (RPE) was incubated with
cells for 25 min  allowing visualization of the Fe3+ pool with confo-
cal microscopy. One advantage of this technique is that the visible
signal disappears when tissue is treated with an Fe chelator, allow-
ing for facile study of Fe dynamics without the need for expertise
and expensive detection equipment beyond a fluorescence micro-
scope. As Fe localization in plants is associated with its transition
and chelation state, the possibility of using this reagent in plant
cells for detecting Fe3+ levels is particularly exciting.

2.7. Secondary ionization mass spectrometry

Secondary ionization mass spectrometry (SIMS) is a method in
which an accelerated primary ion beam is used to bombard a sam-
ple surface, generating secondary ions that are detected by a mass
spectrometer [33]. SIMS is utilized primarily on hard samples, in the
fields of geology or material sciences, with optimal resolving power
of 1 !m.  However, the more recent development of NanoSIMS
technology by CAMECA (http://www.cameca.com/) allows resolu-
tion, and sensitivity between 50 and 100 nm,  enabling cellular and
subcellular resolution, high sensitivity, and high mass resolution
analysis of samples after ultrarapid cryofixation. NanoSIMS was
recently used to determine how Fe plaques (Fe oxide/hydroxides
precipitates formed by the oxidation of ferrous Fe to ferric Fe)
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affect arsenic absorption in rice roots [34]. Use of this method
in the area of Fe research is hindered due to rarity of available
NanoSIMS instruments and the requirement for extensive train-
ing.

2.8. Laser ablation inductively coupled plasma mass spectrometry

With laser ablation inductively coupled plasma mass spectrom-
etry (LA–ICP-MS) a sample area is scanned with a focused laser
beam according to a specified raster area, as low as 5 !m. The
selected area is evaporated by the laser beam and transported for
ICP-MS analysis by a carrier gas such as Argon [15]. This method
has been used to detect Fe and other metals in tree bark and seeds,
yet there are few examples of use of this method on fresh plant
samples because laser ablation takes place under conditions where
dehydration may  occur, affecting metal distribution and sample
integrity [15]. Cryo-sectioning facilitates the use of this method
and allowed researchers to produce a 2D image of Fe distribution
and other metals in fixed tobacco roots, shoots and leaves [35].

3. Application of Fe localization tools: Recent advances in
understanding Fe translocation

Like most minerals, Fe is obtained primarily from the rhizo-
sphere, where it is absorbed first into the root epidermis. A number
of kinetic studies indicate that while in the epidermal symplast Fe is
likely chelated to the nonproteinogenic amino acid nicotianamine
(NA) [36,37]. Fe travels symplastically through the cortex and endo-
dermis, into the outer layer of the vasculature (the pericycle), and
finally into xylem parenchyma cells before entering the apoplast
and being loaded into xylem cells for translocation and utilization
in the shoot.

3.1. Vascular uptake and translocation to the shoot

Using an integrated mass spectrometry approach, researchers
were able to determine that once loaded into the xylem from the
apoplast, Fe is predominantly found as Fe3+-citrate [38]. Thus, while
Fe travels symplastically from the epidermis to the vasculature as
Fe2+-NA, a ligand exchange is required for localization in the xylem.
In Arabidopsis, Ferric Reductase Defective 3 (FRD3), a member of
the multidrug and toxin efflux family of transmembrane efflux
proteins, is thought to mediate citrate efflux from the root peri-
cycle and xylem parenchyma cells, while efflux of Fe itself into
the xylem is likely facilitated by the Fe transporter, Ferroportin
1 (FPN1) [39,40]. frd3 mutants are chlorotic, exhibit constitutive
Fe deficiency responses, and accumulate a range of metals [41,42].
Elegant work with Perls/DAB staining on frd3 mutants has recently
shown striking accumulation of Fe deposits surrounding pericycle,
xylem, and phloem cells, indicating that FRD3-mediated solubi-
lization of Fe is required for xylem loading [39]. Once loaded
into the xylem, Fe3+-citrate is translocated from the root to the
shoot via the transpiration stream. Perls/DAB staining revealed
that Fe3+-citrate may  be unloaded into the shoot apoplast by
FRD3 [39]. This is likely a conserved function as the expression
of soybean GmFRD3b was also implicated as a major contribut-
ing factor to differences in Fe efficiency between soybean cultivars
[43].

Fe in the phloem is found primarily as Fe2+-NA [36,37]. However,
the mechanism by which Fe3+-citrate is converted back to Fe2+-NA
and localized in the phloem is still an open question. Apoplastic
Fe3+-citrate is likely disassociated, allowing Fe3+ to be reduced to
Fe2+ and then chelated to NA in the apoplast before uptake into the
phloem. Analysis of quadruple nicotianamine synthase (nas4x-2)
mutants that do not synthesize NA revealed that lack of NA causes
growth inhibition and chlorosis in young leaves but not in older and

senescing leaves, and that there is an increase in FRD3 expression
and citrate content in xylem sap in nas4x-2 mutants [44]. Addi-
tionally, both Perls staining of whole leaves and atomic absorption
spectroscopy of leaf extracts indicate that frd3 nas4x-2 quintuple
mutants contain less Fe in older and senescing leaves than nas4x-2
mutants [44]. These and other data suggest that while NA operates
primarily in young leaves, FRD3-mediated citrate loading into the
apoplast facilitates Fe transport to aging leaves. Moreover, citrate
and NA may play partially redundant roles in the translocation of
Fe from root to shoot [44].

Members of the Yellow Stripe Like (YSL) family of transporters
facilitate the movement of the nicotianamine–Fe complex from
apoplast to symplast in the shoot following xylem unloading
[45–48]. Thus, it is likely that FRD3 facilitates citrate extrusion into
the apoplast of maturing leaves, which, by an unknown mecha-
nism, facilitates Fe2+-NA uptake into phloem via YSL1 and YSL3
proteins, allowing for translocation into reproductive tissues. The
use of turn-on fluorescent Fe3+ sensors, such as RPE, could begin to
answer questions about how ligand exchange between the xylem
and phloem is mediated and help explain how pH or specific Fe
reductases play a role in ligand exchange. Moreover, further study
of the interplay between citrate and NA, using metabolic profiling,
could provide new insight into how Fe is mobilized within long and
short distance pathways, and how citrate could compensate for loss
of NA.

3.2. Xylem unloading and Fe translocation to seeds and beyond

Perls/DAB staining has been used to show that in addition to its
role in Fe3+-citrate xylem loading and unloading, FRD3 also plays
a role in solubilizing and loading Fe3+-citrate into pollen, devel-
oping embryos, and germinating seedlings. Without FRD3, citrate
excretion is decreased, insoluble Fe deposits are found outside
developing pollen, and exogenous citrate is required for proper
seed germination [39]. The likelihood that FRD3-mediated citrate
excretion solubilizes Fe in the apoplast for uptake into various tis-
sues throughout the plant is exciting, leading to new questions
about how Fe3+ is reduced in the apoplast, what the predomi-
nant forms of Fe and Fe ligands in pollen and developing embryos
are, and what transporters facilitate the movement of Fe into
embryos and pollen. For example, while grafting experiments with
ysl1ysl3 double mutants indicate YSL1 and YSL3 are both required
for seed formation, synchrotron X-ray fluorescence microtomog-
raphy confirms that Fe, while not mislocalized, is decreased in
double mutants. This result prompted researchers to suggest that
YSL1/3 proteins play an essential role in the short-distance translo-
cation of Fe2+-NA from cauline leaves and inflorescence stems into
seeds [45]. Notably, YSL proteins are members of the oligopeptide
transporter (OPT) family. OPT3 has been shown to play a role in
long distance movement of Fe, as Perl staining revealed substan-
tial build up of Fe3+ in opt3 leaves causing necrosis [49]. Although
seeds from opt3 mutants were viable and germinated similar to
wild type, Fe content was  reduced and seedlings germinated in Fe
deficient growth media were chlorotic. This finding suggests that
although OPT3 affects seed Fe uptake from senescing plants, other
transporters are involved in Fe uptake from growth media upon
germination [49].

Where is Fe localized during embryo development and at seed
maturity and how is it remobilized from seed stores during germi-
nation? These questions have huge implications, as remobilization
of Fe from seed stores plays a critical role in seed germination
across species. Moreover, seeds are an important Fe source in the
human diet. Perls/DAB staining of Arabidopsis seeds reveals Fe in
all cells during early stages of embryogenesis, yet as seeds reach
maturity Fe is localized primarily in the endodermal vacuolar com-
partment [16]. Studies utilizing synchrotron X-ray fluorescence
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microtomography and Perls/DAB staining indicate that Vacuolar
Iron Transporter 1 (VIT1) facilitates Fe movement into vacuoles,
and that without VIT1 Fe is still localized to vacuoles but detected
primarily in cells external to the endodermal cells in the radi-
cal, hypocotyl, and cotyledons [16,50]. vit1 seeds are viable, and
Fe concentration, germination, and growth are indistinguishable
from wild type under normal growing conditions. However, dis-
ruption of Fe location in vit1 mutants inhibits Fe availability under
Fe deficient conditions, affecting growth after germination [50].
Additionally, use of transmission electron microscopy–electron
spectroscopic imaging (TEM–ESI) on mutant seeds in which Natural
Resistance Associated Macrophage Proteins (NRAMP) transporters are
disrupted, namely nramp3nramp4, provided the high-resolution
images needed to conclude that these transporters are required
to mobilize Fe from vacuolar stores to seeds during germina-
tion, specifically under Fe deficiency [20]. Likewise, Micro-PIXE
along with Perls staining was used to show that, depending on
the genotype, the cells surrounding the provascular cells are
a primary source of Fe during germination of Phaseolus seeds
[17].

In addition to the vacuoles, Fe is also stored in ferritin cages in
seed amyloplast. TEM was used to compare the Fe storage capacity
of ferritin in wild type and mutant pea lines in which the phyto-
ferritin specific domain, or “extension peptide,” was deleted [51].
Unlike animal ferritin, the association of phytoferritin subunits is
facilitated by low pH and this association results in long term Fe
storage in plant seeds. During seed germination, the phytoferritin
extension peptide facilitates auto degradation, causing disassocia-
tion and consequently release of Fe from the phytoferritin cavity in
plastids [51]. Thus, Fe is released from multiple compartments dur-
ing germination although, once germinated, seedlings then acquire
Fe from the rhizosphere.

A recent study has indicated that there are also checks and
balances that prohibit excessive accumulation of free Fe during
germination. YSL4/6 may  play a role in this process. Compared to
wild type, growth of ysl4ysl6  seedlings is impaired immediately
after germination on Fe deficient media, and YSL4/6 protein accu-
mulates in mature seeds yet decreases upon germination, similar
to the seed ferritin protein, FER2 [52]. Why? Since embryonic
photosynthesis stops at seed maturity, excess Fe may  be released
from the photosynthetic machinery by the activity of YSL4/6 and
sequestered by FER2 [52]. Since YSL6 is strongly expressed in
senescing leaves and Fe accumulates in the chloroplast of senesc-
ing leaves in ysl4/ysl6  mutants according to Perls/DAB staining, it is
likely that this mechanism is mirrored in senescing leaves, where
photosynthesis decreases due to chloroplast degradation [52].

3.3. Practical application of elemental analysis: A look ahead

Due to ease of use, Perls/DAB staining is the most commonly
used method for cellular and subcellular detection of Fe. Since this
method has led to significant advances in our understanding of Fe
localization mechanisms, why use other methods? Based on our
current understanding of Fe homeostasis, Fe pools are dynamic,
changing rapidly in response to Fe availability. Thus, to gain more
insight into how plants uptake, translocate, and reallocate Fe, Fe
must be quantified and visualized with high accuracy at the cellu-
lar and subcellular resolution. Elemental analysis techniques such
as micro-PIXE, synchrotron X-ray fluorescence microtomography,
and NanoSIMS allow for such measurements and, in some cases,
the construction of 3D images of metal content (Table 1). There-
fore, the challenges that lie ahead for researchers are to learn
new methods for elemental analysis, collaborate with chemists
and bioengineers to optimize the detection of elements such as
Fe in plant tissues in vivo, and, finally, to work with mathemati-
cians and systems biologists to create models for how the molecular

responses to Fe deficiency lead to dynamic changes in Fe movement
in plants.

4. Understanding Fe homeostasis in the–omics era

Given that Fe is acquired through the root and localized and
utilized in all cells and various cellular compartments, regulatory
responses must be coordinated for both environmental availability
and metabolic demands. Identification of a master Fe sensor and
determining how this sensor triggers signaling and transcriptional
regulatory networks that lead to proteomic and metabolomics
responses is critical for developing a greater understanding of Fe
homeostasis.

4.1. Building the Fe deficiency transcriptional regulatory network

For non-graminaceous plants, specifically, Arabidopsis, com-
parisons to existing Fe-binding sensor proteins in bacteria and
mammals hint at the possibility of putative E3 ligase BRUTUS (BTS)
fulfilling the role of an Fe sensor, although further studies are nec-
essary [3]. BTS is upregulated under Fe deficiency and knockout
mutants are embryo lethal [3,53], indicating that this protein may
have critical functions in Fe transport to seeds or in Fe homeo-
stasis during embryo development. However, bts-1 knockdown
mutants exhibit increased tolerance of Fe deprivation [3]. Based
on yeast-2-hybrid assays, BTS interacts with bHLH proteins closely
related to POPEYE, a transcriptional regulator that appears to reg-
ulate (directly and indirectly) a number of known Fe homeostasis
genes. Notably, pye-1 mutants have decreased tolerance to Fe depri-
vation, and altered root and shoot Fe concentrations compared to
wild type [3]. Since BTS encodes a protein with several potential
Fe binding sites, it is tempting to speculate that BTS affects Fe
homeostasis via interaction with bHLH proteins related to PYE after
sensing Fe. In rice, the transcription factor IDEF1 (IDE-BINDING
FACTOR 1) regulates Fe homeostasis genes and also binds divalent
cations such as Fe [54]. Notably, transcriptional activation does not
appear to act through metal binding, and IDEF1 is not transcrip-
tionally responsive to Fe deficiency. IDEF1 regulates expression of
IRO2 , a bHLH transcription factor that is expressed in response to
Fe deficiency, which, in turn, positively regulates the Fe deficiency
response [54]. IDEF1 may  also regulate the most recently identified
bHLH component of the Fe regulatory network in rice, OsbHLH133.
OsbHLH133 is transcriptionally induced under Fe deficiency, and
represses translocation of Fe from root to shoot [5].

In most non-graminaceous plants the bHLH transcriptional
regulator, FER-Like Iron Deficiency Induced Transcription Factor
(FIT) is one of the most important regulators of the Fe deficiency
response. In response to Fe deprivation FIT is produced and forms
heterodimers with related bHLH proteins, bHLH38 and bHLH39.
These heterodimers bind to and activate the expression of Ferric
Reduction Oxidase 2 (FRO2), thus inducing reduction of Fe3+ to
Fe2+ and transport of Fe2+ from the rhizosphere into Arabidopsis
root epidermal cells through Iron-Regulated Transporter 1 (IRT1)
[55–57]. For this reason FIT is thought to play an essential role
in facilitating Fe uptake from the rhizosphere in response to Fe
deprivation.

Recently, researchers took advantage of a glucocorticoid (GR)
inducible version of FIT (FIT-GR) to identify direct FIT targets. In this
study, researchers applied dexamethasone (a GR ligand) to induce
FIT activity, followed by cycloheximide (a translational inhibitor),
which enabled researchers to identify only FIT direct target genes
by preventing protein synthesis of secondary targets [58]. While
known targets were identified, new targets such as MYB72, and
genes that are not FIT targets such as BTS and PYE were revealed.
Using microarray analysis, this study also provided support for
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the role of bHLH100/101 as a new and critical component of the
Fe deficiency regulatory network that regulates genes involved in
relocation of Fe independent of FIT [58].

Predictive models for the activity of key Fe homeostasis
transcriptional regulators such as FIT, PYE, bHLH38/39, and
bHLH100/101 from Arabidopsis and IRO2, bHLH133, and IDEF1
from rice can now be produced [12,14]. Additionally, the use of
chromatin immunoprecipitation followed by RNA-seq or microar-
ray analysis (ChIP-seq or Chip-chip), Yeast-1-Hybrid screens,
Yeast-2-Hybrid screens, and other interaction studies will be help-
ful in reconstructing and connecting modules of the Fe deficiency
transcriptional regulatory network. These and other approaches
can help identify transcriptional regulators of NRAMP3/4, YSL4/6,
VIT1, and other seed Fe homeostasis proteins. However, maintain-
ing the proper amount of biologically available Fe in the correct
location under Fe deficiency requires more than the activity of
sensors and transcriptional regulators that control the availabil-
ity of Fe chelators, reductases, and transporters. Additionally, the
production of ROS scavengers, Fe storage proteins, Fe ligands,
posttranscriptional and posttranslational modifications, and pro-
tein degradation mechanisms are utilized to “tip the balance” and
ensure that plants recognize when they have sufficient Fe and when
sequestration is needed under conditions of excess Fe. Metabolic
and proteomic profiling are now helping to determine how these
responses occur.

4.2. Posttranscriptional and posttranslational response to Fe
deficiency

In a recent study, RNA-Seq and proteome analysis of Chlamy-
domonas reinhardtii indicate that many transcripts associated with
Fe assimilation are upregulated in response to Fe deficiency
along with their corresponding proteins [59]. This same study
showed that transcripts and corresponding proteins that encode
Fe-containing proteins are decreased, perhaps as part of an Fe spar-
ing mechanism. Surprisingly, the change in abundance of around
40% of the proteins analyzed did not correlate with the change in
abundance at the transcript level. These findings suggested that, in
some cases, low transcript abundance is due to a protein feedback
mechanism, while in many other cases low Fe has a direct effect on
the biogenesis or integrity of Fe–sulfur proteins [59], thus, perhaps,
increasing Fe availability for other metabolic processes.

Proteomic analysis of Arabidopsis with iTRAQ (Isobaric Tag for
Relative and Absolute Quantification) revealed that classic markers
of the Fe deficiency response, including FRO2, NAS4, and a specu-
lative plastidic Fe sensor involved in Fe-sulfur cluster assembly,
are similarly regulated transcriptionally and post-transcriptionally
[60]. However, this same study shows that there is actually little
overlap between transcriptional and proteomics responses to Fe
deficiency, likely due to alternative splicing, RNA processing, and
other posttranslational modifications [60]. In addition, new play-
ers in Fe homeostasis were revealed in this study. One of these
proteins, eIF5a, is a conserved eukaryotic elongation factor, that
is not transcriptionally regulated by Fe deficiency, but may  play a
role in selective or arrested translation [61]. Additionally, a recent
exciting study indicates that RNA polymerase II CTD-phosphatase-
like 1 (CPL1) plays a role in Fe deficiency response in addition to
ABA signaling [62]. Disruption of CPL1 causes upregulation of two
distinct clusters of genes, one enriched in ABA response genes, and
another in Fe homeostasis genes. In particular, cpl1  mutants exhibit
increased expression of IRT1 , FIT,  and FRO2 under Fe deficiency and
increased Fe in the root. cpl1  mutants also contain decreased Fe
in shoots under Fe sufficiency, yet increased tolerance to Fe defi-
ciency and cadmium. Since CPL1  is expressed strongly in the stele, it
does not directly regulate FIT (unless it is translocated to the stele).
Rather, researchers propose that CPL1 acts upstream of FIT1 and the

FIT regulon to keep Fe levels low in the root, most likely by facilitat-
ing xylem loading at the root. Sufficient Fe in the shoot then inhibits
FIT-mediated root epidermal uptake [62]. In addition to possible
changes in RNA synthesis, Fe deficiency responses are also medi-
ated by microRNAs. A recent study indicates that since Fe deficiency
inhibits expression of Fe superoxide dismutase (SOD) genes, it actu-
ally causes an increase in leaf copper concentration so that copper
can be utilized by copper SODs, which are functionally interchange-
able with Fe SODs [63]. Notably, copper SOD transcripts increase in
response to Fe deficiency, yet are degraded by miRNA398, which is
transcriptionally repressed by Fe deficiency [63]. Further detailed
studies are needed to identify other RNA processing mechanisms
involved in Fe homeostasis.

Using two  complementary phosphoproteomics enrichment
methods along with iTRAQ to detect global changes in phospho-
proteins, researchers found that ribosomal phosphoproteins and
phosphopeptides associated with RNA-binding proteins involved
in alternative splicing accumulate in response to Fe deficiency
[64]. Ribosomal genes are also enriched in a transcriptional co-
expression gene cluster that exhibits a bi-phasic expression pattern
with rapid peaks in expression at 3 and 24 h under Fe deficiency
[3], which are indicative of the importance of complex temporal
and global changes in translation in responding to Fe deficiency.
These findings are particularly striking as Perls/DAB, in combina-
tion with DAPI staining, as well as Micro-PIXE reveal surprisingly
high concentrations of Fe specifically in the nucleus and nucleolus
of pea embryos and leaf cells of Arabidopsis and tomato [26]. This
is in contrast to animal cells, where nuclear localized Fe is associ-
ated with disease [26]. Since the nucleolus is the site of ribosomal
RNA biogenesis and high amounts of Fe are found in the nucleolus,
it is possible that nuclear localized Fe may  play a role in facilitat-
ing ribosomal RNA biogenesis and translation [26]. Mutagenesis
screens with Micro-PIXE or Perls/DAB for genes in which nuclear
localization of Fe is disrupted could help determine the function of
this Fe pool.

Proteomic analysis with iTRAQ also revealed that the ubiquitin
conjugating enzyme 13A (UBC13) [65], although not transcrip-
tionally regulated by Fe deficiency, is also elevated in response
to Fe deficiency. Notably, it controls branched root hair forma-
tion in response to Fe deficiency, suggestive of a role in mediating
developmental responses. Yeast 2 hybrid analysis along with com-
putational modeling indicate that UBC13 interacts with a number
of proteins, including a ubiquitin conjugating enzyme variant and
an E3 ligase, to mediate the formation of Lys 63-linked ubiqui-
tin chains on targets involved in root morphology and possibly
auxin transport [66]. Transcriptional profiling of the Arabidopsis
root in response to Fe deficiency also indicates that genes possibly
involved in protein ubiquitination, such as BTS and other ubiquitin
ligases and conjugating enzymes, are specifically enriched in a co-
expression gene cluster that peaks at 48 h under Fe deficiency [3],
suggesting that rapid and global increases in protein ubiquitination
play a key role in the Fe deficiency response.

The biological relevance of protein ubiquitination has been
highlighted in a recent study of the major Fe epidermal trans-
porter, IRT1. This transporter, which is transcriptionally induced
in response to Fe deficiency, appears to undergo continuous
monoubiquitin-dependent cycling and turnover between the
plasma membrane and early endosomes [67]. This process main-
tains low IRT1 at the plasma membrane, ensuring that sufficient,
but not excess Fe is taken up into epidermal cells. Additionally,
cycloheximide treatments of plants exposed to Fe deficiency led to
the identification of a suite of genes that were induced under Fe
deficiency by a rapidly turned over protein [58]. In this same study
IRT1 expression was elevated after cycloheximide treatments sug-
gesting that it is not only regulated by FIT but is also regulated by
a transcriptional repressor that is rapidly turned over [58] (Fig. 1).
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Additionally, FIT itself is thought to be “active” (possibly through
posttranslational modification) under Fe deficiency, and stabilized
by physical interaction with ethylene–induced transcription fac-
tors Ethylene Insensitive3 (EIN3) and Ethylene Insensitive3-Like1
(EIL1) [68,69]. However, FIT is subject to degradation, likely upon
ubiquitination, when in an “inactive” state [68]. Finally, FRO2 also
appears to be a target for posttranscriptional regulation, since over-
expression of FRO2 causes a constitutive increase in transcript and
an increase in reductase activity is only seen under Fe deficiency
[70]. Thus, we now have a more comprehensive understanding of
how transcription control, ubiquitination, membrane localization,
and vesicular trafficking act synergistically to control Fe uptake in
root epidermal cells (Fig. 1).

Using two complementary phosphoproteomic enrichment
methods along with iTRAQ to detect global changes in phospho-
proteins, specific, and sometimes unique, Fe deficient-responsive
phosphopeptides were identified within 425 distinct proteins [64].
Twenty-one phosphorylation motifs, which could potentially act
as Fe deficiency signaling molecules in roots, were also described.
Surprisingly, plasma membrane H+-ATPases, which had previously
been shown to be activated by phosphorylation [71], were not
among the phosphoproteins found to be increased in the study.
This finding is particularly striking considering that before FRO2
and IRT1 can reduce and transport Fe into the root epidermis in
response to Fe deprivation, respectively, H+-ATPases, must first
facilitate acidification of the rhizosphere, increasing Fe solubil-
ity [72]. Thus, further advances in methods that accurately detect
global posttranslational modifications are needed.

4.3. Metabolic responses to Fe deficiency: Shedding new light on
Fe ligands and respiration responses

Using the iTRAQ system to identify changes in the proteome, a
number of proteins involved in the methionine cycle appear to be
increased under Fe deficiency [60]. S-adenosyl methionine (SAM), a
product of the methionine cycle, is a precursor for the Fe ligand, NA.
NAS, an NA synthase enzyme, which is transcriptionally activated
by Fe deficiency [73], synthesizes NA from SAM. Recent metabolic
profiling of sugar beet also indicates that increases in root NA,
among other substances, occur in response to Fe fluctuations [74].
Additionally, energy-dispersive X-ray analysis detected increased
insoluble Fe inclusion particles in specific organelles of tomato
chloronerva NA-free mutants [75]. These studies show that the syn-
thesis of NA is regulated at multiple levels to properly control the
availability of soluble Fe (Fig. 1).

Proteins associated with the production of phenolic compounds
are also upregulated under Fe deficiency [60]. Phenolic compounds
and organic acids are commonly reported in root exudates in
response to Fe deficiency, presumably to chelate ferric Fe for sub-
sequent uptake from the rhizosphere [76]. In a more recent study
to determine whether such mechanisms are conserved between
species, researchers confirmed that the production and secretion
of phenolics and flavins from Arabidopsis and Medicago truncatula,
respectively, is critical for Fe uptake under Fe deficiency [77].

Metabolic profiling of xylem sap and leaf extract of tomato,
sugar beet, lupine, and peach tree exposed to Fe deficiency revealed
increases in TCA cycle metabolites, specifically organic acids that
may  play a role in Fe chelation [9]. In red clover these pheno-
lic compounds chelate apoplastic Fe from cell walls and facilitate
reutilization of Fe, independent of rhizosphere acidification [78].
In addition, phenolic effluxers play a critical role in reutilization of
apoplastic Fe from rice stele cell walls [79]. Thus, metabolic profil-
ing indicates that the synthesis of Fe ligands increases in response
to Fe deprivation to facilitate the translocation of Fe from different
sources. Further use of such methods on Fe homeostasis mutants
such as frd3, fpn1 and ysl1/ysl3 could indicate on how the interplay

between NA and citrate affects Fe localization and bioavailability
throughout growth and development.

Global transcriptional profiling of whole Arabidopsis roots
exposed to Fe deficiency for three days revealed increased expres-
sion of genes involved in mitochondrial electron transport, in
addition to the TCA cycle. Researchers also reported increased
expression of genes involved in anaerobic respiration under
Fe deficiency [80,81]. Phosphoproteomic profiling reveals that
phosphorylation of key carbohydrate metabolism enzymes, includ-
ing phosphoenolpyruvate carboxylase and glucose-6-phosphate
dehydrogenase, and altered accumulation of phosphopeptides
associated with invertase, provide a molecular mechanism for
increased glycolysis under Fe deficiency [64]. Likewise, metabolic
profiling of sugar beet in response to Fe deficiency and Fe resupply
reveals increases in proteins associated with glycolysis, the TCA
cycle, and anaerobic respiration, along with increases in organic
acids, sugars, as well as NA [74]. Since Fe is a critical component
of many mitochondrial electron transport proteins, these find-
ings suggest that plant roots respond to Fe deficiency stress with
increased fermentation rates, which provide sufficient NADH to
complete oxidative phosphorylation [80]. Additionally, researchers
concluded from the study of sugar beet that anaplerotic reactions
fix carbon in the root, which is transported to the shoot [82,83]. A
more recent metabolic study of the xylem sap and leaf extract from
peach tree, lupine and tomato, and sugar beet indicated that not
only do these anaplerotic reactions take place in roots, but shoots
as well [9]. While xylem sap contains decreased levels of amino
acids and carbohydrates, leaf extracts contain more [9], suggest-
ing that anaplerotic reactions, using amino acids as carbon sources,
occur in Fe-deficient leaves also to maintain respiration.

These metabolic studies are particularly exciting from a systems
biology perspective. Flux analysis of enzymatic activity and the
metabolites produced from enzymes involved in metabolic pro-
cesses can be used to create mathematical models that describe
how enzymatic processes change under conditions of fluctuating
Fe availability. Such models could also include transcriptional reg-
ulatory components, signaling response, such as phosphorylation
status, and even Fe movement rates, similar to that seen with auxin
flux in roots [84].

Interestingly, many metabolic changes appear to be reflective of
cell-specific response to Fe deprivation revealed by cell-specific and
genome-wide transcriptional profiling. Although there is a core set
of genes that are impervious to stress response, similar cell-specific
transcript profiling under salt stress indicated that a number genes,
particularly those involved in carbohydrate metabolism, respond
to different stress conditions in a cell specific manner [2]. For
example, compared to other cell types, the cortex transcriptome
is enriched in genes associated with photosynthesis, regardless of
environmental conditions, and chloroplasts accumulate in light-
grown cortex cells [2]. However, in Fe-deprived root cortex cells
there is an increase in expression of these same genes yet deceased
expression of carbohydrate transmembrane transporters, perhaps
to inhibit carbohydrate translocation from the shoot to the root
[2,3]. Compared to other cell types, the endodermis exhibits strik-
ing decreases in the expression of genes encoding fructokinase,
glucokinase, and hexokinases in response to Fe deficiency, which
may  play a role in carbohydrate metabolism as well. These findings
suggest that although Fe is primarily detected in the vasculature in
roots, as it traverses from the epidermis to the vasculature some
of it is captured, utilized, and stored within cells internal to the
epidermis such as the cortex and endodermis for metabolism. Fe
transporter Ferroportin 2 (FPN2) is thought to move Fe from the
cytoplasm into the vacuole in cortex and epidermal cells under Fe
deficiency, presumably in order to buffer excess Fe intake [40], but
it may  also play a role in metabolic requirements specific to the
endodermis and cortex. Metabolic and proteomic profiles are now
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available for specific root cells under nutrient sufficient conditions
[85,86]. Querying and comparing data from these studies to similar
data obtained under Fe deficiency could allow researchers to recon-
struct high-resolution transcription and metabolic maps of the Fe
deficiency response.

5. Concluding remarks and future perspectives

Today, large-scale datasets have been produced and can be
used in combination to begin to make testable and predictive
regulatory models of Fe homeostasis [12,13]. The most recent mod-
eling efforts consist mainly of co-expression networks, which only
allow researchers to predict regulatory relationships between tran-
scription factors and their targets, and provide candidate genes
involved in these networks. Exploration of small and large-scale
protein–DNA and protein–protein interaction data should increase
the strength of correlations between interactors identified in co-
expression networks. Proteome and metabolome profiling data
provide an even richer source of information about signaling and
other posttranscriptional processes involved.

Moreover, recent advances in localization methods for Fe and
other metals now enable researchers to link large-scale data to
changes in Fe translocation. While the most desirable detection
tools would enable in vivo detection and measurement of Fe and
other metals, such tools are currently lacking in the field of plant
biology. Instead, histochemical methods and advanced ionic quan-
tification techniques have led to the creation of high-resolution
elemental maps at specific time points, which enable visualization
and measurement of Fe and other metals at cellular and subcellular
resolution. While there are advantages and disadvantages to each of
these methods, continued advances that increase resolution, sen-
sitivity, and usability are sure to contribute to rapid advances in
the field. Indeed the use of such methods has already increased
our understanding of where Fe is localized in plants and what
transporters and ligands contribute to this localization (Table 1).
Utilizing techniques such as synchrotron X-ray fluorescence micro-
tomography or micro-PIXE on known regulatory, signaling, and
metabolic mutants in combination with large-scale datasets, or for
screening mutants of genes derived from large-scale data, can help
build more inclusive, dynamic Fe homeostasis models. Such mod-
els could then include mathematical descriptors of how changes
in Fe availability affect Fe translocation and the many biological
processes that require Fe.

There are a number of caveats to this approach that should be
kept in mind, one being that the identification of network nodes
can be confounded by redundancy, making study of single mutants
futile. This could possibly be alleviated with miRNA approaches that
target gene families. Also, more accurate predictive models require
spatial resolution due to the distinct identity of cell types. Finally,
metabolic flux data, which would likely provide the most predic-
tive power for generating models for Fe homeostasis, is still quite
challenging to obtain in the area of plant biology [1,87]. However,
inclusion of metabolic rates for key enzymes such as H+ ATPases,
Fe reductases, and phosphoenolpyruvate carboxylase could lead to
the reconstruction of testable regulatory and metabolic network
models that couple Fe uptake, translocation, and assimilation to
metabolic processes such as photosynthesis and respiration, and,
ultimately, growth.

Indeed, the long-term goals of many research efforts in this field
are increased growth and nutrient content of agriculturally impor-
tant crops. These goals are particularly urgent due to predicted
increases in global food demand in the coming years. The increasing
use of non-model species indicated in many studies above is a huge
step toward those goals. Additionally, although other metals are not
featured in this review, many studies listed above do not consider Fe

in isolation. This is critical, given that Fe bioavailability affects and
is affected by homeostasis of other metals and metabolic processes.
Perhaps then, the use of systems biology is particularly appropri-
ate, as it will enable us to maintain a global perspective of the side
effects produced through genetic manipulation of Fe homeostasis.
Such a perspective, along with the use of high-resolution imaging
tools, makes for exciting times as we  search for ways to affect Fe
bioavailability in a sustainable way.
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CHAPTER 3 

Iron-Binding E3 Ligase Mediates Iron Response in Plants by Targeting Basic Helix-

Loop-Helix Transcription Factors. 
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Iron-Binding E3 Ligase Mediates Iron Response in
Plants by Targeting Basic Helix-Loop-Helix
Transcription Factors1[OPEN]

Devarshi Selote, Rozalynne Samira, Anna Matthiadis, Jeffrey W. Gillikin, and Terri A. Long*

Department of Plant and Microbial Biology, North Carolina State University, Raleigh, North Carolina 27695

Iron uptake and metabolism are tightly regulated in both plants and animals. In Arabidopsis (Arabidopsis thaliana), BRUTUS
(BTS), which contains three hemerythrin (HHE) domains and a Really Interesting New Gene (RING) domain, interacts with
basic helix-loop-helix transcription factors that are capable of forming heterodimers with POPEYE (PYE), a positive regulator of
the iron deficiency response. BTS has been shown to have E3 ligase capacity and to play a role in root growth, rhizosphere
acidification, and iron reductase activity in response to iron deprivation. To further characterize the function of this protein, we
examined the expression pattern of recombinant ProBTS::b-GLUCURONIDASE and found that it is expressed in developing
embryos and other reproductive tissues, corresponding with its apparent role in reproductive growth and development. Our
findings also indicate that the interactions between BTS and PYE-like (PYEL) basic helix-loop-helix transcription factors occur
within the nucleus and are dependent on the presence of the RING domain. We provide evidence that BTS facilitates 26S
proteasome-mediated degradation of PYEL proteins in the absence of iron. We also determined that, upon binding iron at the
HHE domains, BTS is destabilized and that this destabilization relies on specific residues within the HHE domains. This study
reveals an important and unique mechanism for plant iron homeostasis whereby an E3 ubiquitin ligase may posttranslationally
control components of the transcriptional regulatory network involved in the iron deficiency response.

Iron deficiency is a critical issue for most living or-
ganisms because iron is an essential component of
many metabolic processes. Excess iron can be equally
problematic due to its potential to react with oxygen
and form damaging reactive oxygen species. Conse-
quently, plants and animals tightly regulate their re-
sponses to iron bioavailability. Plants have evolved two
primary ways to uptake iron from soil. Under low-iron
conditions, grasses such as rice (Oryza sativa) and maize
(Zea mays) primarily utilize the Strategy II response,
whereby they release phytosiderophores into the rhi-
zosphere that bind to ferric iron with high affinity.
Phytosiderophore-ferric iron complexes are transported
into the root via membrane-localized yellow stripe and
yellow stripe-like (YSL) transporters (Curie et al., 2001;
Inoue et al., 2009), although several studies suggest that
rice is also able to directly uptake ferrous iron (Ishimaru
et al., 2006; Cheng et al., 2007).

Dicots and nongraminaceous monocots utilize the Strat-
egy I response under low-iron conditions. In Arabidopsis

(Arabidopsis thaliana), the Strategy I response involves
an increase in the expression and activity of proton-
translocating adenosine triphosphatases (H+-ATPases),
most notably AHA2, which acidifies the rhizosphere
and increases the solubility of ferric iron oxides near the
root epidermis (Römheld et al., 1984; Santi and Schmidt,
2009). There is also an increase in the expression and
activity of the membrane-bound iron reductase FERRIC
REDUCTASE OXIDASE2 (FRO2), which reduces ferric
iron to ferrous iron (Robinson et al., 1999). Ferrous iron
is then transported into epidermal cells via IRON-
REGULATED TRANSPORTER1 (IRT1), a membrane-
localized metal ion transporter that transports iron and
other metal ions, including zinc, manganese, and cad-
mium (Eide et al., 1996; Vert et al., 2002; Colangelo and
Guerinot, 2004). After uptake, iron is bound to chelators
such as nicotianamine and citrate and subsequently
translocated into and throughout the vasculature (Durrett
et al., 2007; Curie et al., 2009). This coordinated iron de-
ficiency response is controlled by the basic helix-loop-helix
(bHLH) transcription factor FER-LIKE FE DEFICIENCY-
INDUCED TRANSCRIPTION FACTOR (FIT; Colangelo
and Guerinot, 2004). FIT acts in concert with two
other bHLH proteins (Yuan et al., 2008), ETHYLENE
INSENSITIVE3 and ETHYLENE INSENSITIVE3-LIKE1
(Lingam et al., 2011), and is posttranslationally regu-
lated by the presence of nitric oxide via 26S proteasome-
dependent degradation (Meiser et al., 2011; Sivitz et al.,
2011). A FIT-independent iron homeostasis pathway has
also been identified involving bHLH100 and bHLH101
(Sivitz et al., 2012). Recently, it has been shown that root
exudates including phenolics and riboflavin derivatives
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function as iron-binding compounds in Arabidopsis and
Medicago truncatula, similar to those in the chelation-based
Strategy II response. The induction of phenylpropanoid
and flavin pathway genes is tightly linked to core genes
of the iron acquisition machinery, such as FIT, FRO2,
IRT1, and AHA2, and thus appears to constitute an in-
tegral component of the Strategy I response in Arabi-
dopsis and M. truncatula (Rodríguez-Celma et al., 2013).

We reported that the bHLH protein POPEYE (PYE)
plays a critical role in iron homeostasis by positively
controlling the iron deficiency response in Arabidopsis.
PYE interacts with several close homologs, namely
IAA-LEUCINE RESISTANT3 (ILR3), bHLH104, and
bHLH115, hereafter PYE-like (PYEL) proteins. These
PYELs are up-regulated during iron deficiency (Long
et al., 2010), and one of them, ILR3, plays a known role
in modulating auxin-conjugate hydrolysis in an iron-
dependent manner, perhaps by transcriptionally con-
trolling the expression of iron transporters (Rampey
et al., 2006). Unlike PYE, all three of the PYEL proteins
interact with a second protein, BRUTUS (BTS).

BTS is induced in response to low iron, and loss of
BTS induction leads to increased tolerance to iron de-
ficiency, as evident by increased root growth and rhi-
zosphere acidification compared with wild-type plants
(Long et al., 2010). BTS encodes a unique plant protein
consisting of several conserved domains, including
three hemerythrin (HHE) cation-binding domains lo-
cated near the N terminus, a CHY zinc-finger domain,
and a Really Interesting New Gene (RING) domain
near the C terminus (Long et al., 2010; Kobayashi et al.,
2013). The conserved HHE domains are left-twisted
4-a-helical bundles that provide a hydrophobic pocket
in which O2 binds diiron. Iron is typically coordinated
within the HHE domain via the carboxylate side chains
of a Glu, an Asp, and five His residues, but other means
of iron coordination have been described (Holmes et al.,
1991; Holmes and Stenkamp, 1991; Shu et al., 2012). The
presence of a RING domain near the BTS C terminus
suggests that it may have E3 ligase capability. BTS and
the BTS orthologs in rice, Oryza sativa Hemerythrin
motif-containing RING and Zinc-Finger Protein1
(OsHRZ1) and OsHRZ2, were shown to bind iron at
the HHE domains and have ubiquitination capacity
(Kobayashi et al., 2013). However, no study has ex-
amined whether the iron-responsive PYEL proteins that
BTS interacts with are targeted by this E3 ligase activity.
We hypothesize that BTS negatively regulates iron
homeostasis by targeting PYEL transcription factors for
26S proteasome-mediated degradation via its RING (E3
ligase) domain. This activity is dependent on alterations
in BTS stability, which is mediated by the HHE domains
and therefore responsive to fluctuations in iron avail-
ability.

We explored BTS expression in different tissues
throughout plant development and analyzed the im-
plications of altered BTS expression on the iron defi-
ciency response and on reproductive growth. We also
examined the capacity of BTS to bind iron through the
HHE domains. We demonstrate that iron affects the

stability of BTS in a concentration-dependent manner
and that specific residues within the HHE domains are
critical for protein stability. We also found that the in-
teraction between BTS and PYEL proteins relies on the
presence of the RING domain and that BTS facilitates
26S proteasome-mediated degradation of at least two
PYEL proteins. Taken together, our results show that BTS
plays an important role in maintaining iron homeostasis
in plants, potentially by regulating bHLH transcription
factors.

RESULTS

BTS Is Expressed throughout Plant Development

BTS is induced in response to iron deficiency in the
root vasculature according to microarray analysis and
confocal microscopy of lines expressing ProBTS::GFP
(Long et al., 2010). To verify BTS expression throughout
growth and development, we generated wild-type plants
expressing ProBTS::GUS. Similar to ProBTS::GFP lines
(Long et al., 2010), a strong GUS signal was detected in
the root vasculature in response to iron deficiency (Fig.
1A), further validating the up-regulation of BTS under
iron deficiency. Microarray analysis has revealed that
apart from roots, BTS is also expressed in shoots in
Arabidopsis (Sivitz et al., 2012). To characterize BTS ex-
pression in the shoot and during reproductive growth,
we performed GUS staining on young seedlings and
mature plants. GUS activity was observed in cotyledons
of seedlings regardless of iron availability when grown
on medium (Fig. 1B). When ProBTS::GUS plants were
grown on soil, GUS expression was observed in both
rosette and cauline leaves, with highest expressions in
young leaves (Fig. 1C; Supplemental Fig. S1A). We fur-
ther examined BTS expression in reproductive tissues of
ProBTS::GUS-expressing wild-type plants and found that
it is expressed in floral vasculature, developing and
mature embryos, funiculus, septum, and gynoecium
valves (Fig. 1, D–G; Supplemental Fig. S1, B–D).

BTS Controls Root Iron Responsiveness and
Embryo Development

Putative BTS orthologs play diverse roles in other
plant species, including inhibition of Tobacco mosaic vi-
rus infection in Nicotiana tabacum (Yamaji et al., 2010)
and root nodulation in Lotus japonicus (Shimomura
et al., 2006). Furthermore, BTS is critical for embryo-
genesis, as evidenced from the embryonic lethal bts al-
leles emb2454-1 and emb2454-2 (emb-2/+; McElver et al.,
2001; Tzafrir et al., 2004). Because emb (–/–) lines are
embryonic lethal, we analyzed the iron deficiency re-
sponse of several other bts alleles resulting from transfer
DNA (T-DNA) insertions in the BTS promoter and 59
untranslated region sequence (Supplemental Fig. S2).
These alleles exhibit loss of transcript induction under
iron-deficient conditions but maintain expression levels
similar to wild-type under iron sufficiency (Fig. 2A).
The loss of BTS induction in homozygous bts-1, bts-12,
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and bts-10 alleles is correlated with increased root
elongation, rhizosphere acidification, and iron reduc-
tase activity under iron deficiency compared with wild-
type plants (Fig. 2, B–D; Supplemental Fig. S3, A and B).
These data support the hypothesis that BTS negatively
regulates key responses to iron deprivation, as well as
overall growth (Long et al., 2010).
Because the emb2/+ allele of BTS exhibits elevated

embryonic lethality (Fig. 2E), we quantified embryo
lethality in the homozygous bts alleles. Approximately
3% to 6% of embryos from bts-1, bts-12, and bts-10 al-
leles were defective compared with approximately 20%
of embryos from emb-2/+ (Fig. 2E). This finding indi-
cates that BTS is expressed in the shoot and plays a
critical role during embryo development, perhaps by
affecting iron mobilization into developing siliques and
embryos. Inductively coupled plasma (ICP)-optical
emission spectrometry (OES) analysis of iron content
from bts-1 seedling shoots and roots revealed slight
increases in iron content under both iron-replete and
-deplete conditions (Supplemental Fig. S3C). Seeds
showed overall increased accumulation of iron (16%–
34%) and zinc (20%–60%) compared with wild-type
seeds (Fig. 2F). The relatively higher content of iron in
bts mutant seeds, although not statistically significant,
was further validated by histochemical analysis of iron
localization in germinating seeds by Perls staining,
which revealed enhanced iron accumulation in the bts
mutants compared with the wild type (Fig. 2G).

PYELs Interact with BTS in the Nucleus

There are 133 bHLH genes within the Arabidopsis
genome grouped into 12 subfamilies (Heim et al., 2003).
According to yeast (Saccharomyces cerevisiae) two-hybrid
(Y2H) analysis, BTS does not interact with the group
IVb iron homeostasis bHLH protein PYE. However, it
does physically interact with group IVc PYEL proteins

ILR3, bHLH104, and bHLH115 (Long et al., 2010). ILR3,
bHLH104, and bHLH115 are transcriptionally induced
under iron-deficient conditions in wild-type roots
(Dinneny et al., 2008). Moreover, microarray analysis
indicates that ILR3 directly or indirectly targets genes
involved in metal ion homeostasis (Rampey et al., 2006).
Loss of ILR3 function leads to increased sensitivity to
indole-3-acetic acid (IAA)-Leu in an iron-dependent
manner, leading to the theory that ILR3 controls
metal-dependent IAA-conjugate hydrolysis by control-
ling the expression of iron transporters (Rampey et al.,
2006).

We hypothesize that PYEL proteins ILR3, bHLH104,
and bHLH115 may be downstream targets of BTS.
Transient expression of GFP fusions of BTS, PYE, and
PYEL proteins using the constitutive 35S promoter in
Nicotiana benthamiana leaves suggests that these proteins
are colocalized in the nucleus (Supplemental Fig. S4A).
We used bimolecular fluorescence complementation
(BiFC) assays to further assess the interaction between
BTS and the PYEL proteins. BiFC assays were con-
ducted by transiently coexpressing proteins using the
constitutive 35S promoter in N. benthamiana leaf epi-
dermal cells. In planta, BTS interacted with ILR3,
bHLH104, and bHLH115 but not PYE (Fig. 3A). These
interactions occur in the nucleus and are dependent
upon the presence of the RING domain (E3 ligase), as is
evident from the loss of these interactions with BTSDE3
deletion protein (Fig. 3A; Supplemental Fig. S5). This
finding suggests that the BTS RING domain may act
to facilitate its interaction with PYEL proteins but does
not exclude the possibility that loss of the RING
domain affects the folding of BTS, disrupting its ca-
pacity to interact with PYEL proteins. BiFC assay results
were validated through in vitro coimmunoprecipitation
(Co-IP) studies. Epitope-tagged fusions of BTS, BTSDE3,
PYE, and PYEL proteins were in vitro translated using a
wheat (Triticum aestivum) germ extract system, and
Co-IP assays were performed between interacting proteins.

Figure 1. BTS expression throughout plant development. A and B, GUS activity in roots (A) and shoots (B) of 7-d-old wild-type
ecotype Columbia (Col-0) seedlings grown on +Fe medium for 4 d and then transferred to 6Fe medium for 3 d expressing
ProBTS::GUS. The results shown are representative of three independent lines. C, GUS activity in leaves from 4-week-old soil-
grown plants. Arrows indicate youngest to oldest. D to G, GUS activity in flower (D), young silique (E), mature green silique (F),
and mature embryo (G). Bars = 100 mm (A), 5 mm (B–F), and 2 mm (G).

Plant Physiol. Vol. 167, 2015 275

E3 Ligase Targets Transcription Factors



 

51 

 

ILR3, bHLH104, and bHLH115 coimmunoprecipitated
with full-length BTS but not BTSDE3 (Fig. 3B), further
supporting the BiFC results.

PYE and PYELs Form Heterodimer Complexes in Planta

bHLH transcription factors within a subgroup are
thought to share very similar or related functions by
making homo- or heterodimer complexes with their
family members (Heim et al., 2003). Previously, we

identified interactions between PYE and two of its family
members, ILR3 and bHLH115, using Y2H analysis (Long
et al., 2010). We validated Y2H interactions in planta us-
ing BiFC assays in N. benthamiana leaves, confirming that
PYE forms heterodimer complexes with ILR3, bHLH115,
and bHLH104 in the nucleus (Fig. 4A). We also tested for
interactions among PYEL proteins and observed that
ILR3 interacts with both bHLH104 and bHLH115 and
that bHLH104 interacts with bHLH115 in the nucleus
(Fig. 4A). None of these bHLH proteins form homodimer
complexes (Supplemental Fig. S6). BiFC results were con-
firmed by Co-IP assays using in vitro-translated epitope-
tagged bHLH transcription factors PYE and PYEL
(Fig. 4B).

BTS Targets PYELs for 26S Proteasome-Mediated
Degradation

The interactions of BTS with PYEL proteins led us to
speculate that BTS regulates its interacting proteins via

Figure 2. BTS affects root iron response and embryogenesis. A, Rela-
tive BTS expression in root tissue from 7-d-old seedlings grown on +Fe
medium for 4 d and then transferred to 6Fe medium for 3 d. Error bars
indicate6 SE of the mean (n = 4), and columns with different letters are
significantly different from each other (P, 0.05). B, Root growth of 11-
d-old seedlings grown on –Fe medium (4 d +Fe and 7 d –Fe). C, Rhi-
zosphere acidification of 8-d-old seedlings grown on –Fe medium (4 d
+Fe, 3 d –Fe, and 1 d bromocresol purple). Eight plants per genotype
were grouped on bromocresol purple agar medium. Results shown
represent four independent assays. D, Iron reductase activity of 10-d-
old seedlings grown on 6Fe medium (7 d +Fe and 3 d 6Fe). Error bars
indicate6 SE of the mean (n = 4), and columns with different letters are
significantly different from each other (P, 0.05). E, Embryo lethality in
developing siliques. Error bars indicate 6 SE of the mean (n = 5). The
asterisk indicates significant difference from the wild type (WT; P,
0.05). F, Iron and zinc content in seeds (150 mg per replicate) analyzed
by ICP-OES. Error bars indicate 6 SE of the mean (n = 3), and columns
with different letters are significantly different from each other (P,
0.05) G, Iron (Fe3+) localization in germinating seeds visualized by
Perls staining. Results shown represent 10 independent assays. Bars =
2 mm. FW, Fresh weight. Figure 3. Interaction of BTS with PYEL depends on the presence of the

RING (E3 ligase) domain. A, BiFC assay showing in planta interactions
of ILR3, bHLH104, bHLH115, and PYE with BTS and BTSDE3 deletion
protein in leaf epidermal cells. Indicated proteins are transiently
coexpressed in red fluorescent protein (RFP)-Histone2B (nuclear
marker) transgenic N. benthamiana plants. Enhanced YFP (EYFP)
fluorescence indicates interaction between proteins in the nucleus.
All interactions were tested using both combinations of N-/C-EYFP-
fused reciprocal proteins. Results shown represent three independent
assays. B, Immunoblot analysis showing Co-IP of in vitro-translated
Myc-tagged ILR3, bHLH104, and bHLH115 by 3xHA-tagged BTS
(full length) but not by Halo-tagged BTSDE deletion protein. Results
shown represent two independent assays. Bars = 20 mm.
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RING (E3 ligase) domain-mediated ubiquitination and
subsequent 26S proteasome-mediated degradation. Pre-
viously, BTS and the BTS rice orthologs OsHRZ1 and
OsHRZ2 were shown to exhibit some level of ubiquiti-
nation capacity (Kobayashi et al., 2013). The E3 ligase
activity of BTS protein and its derivatives (Supplemental
Fig. S5) were tested through an in vitro ubiquitination
assay using purified in vitro-translated proteins obtained
from wheat germ extract. Our results indicate that BTS
has intrinsic ubiquitin ligase activity. This ligase activity
relies on the presence of the E3 domain, as evident from
the loss of ubiquitination capacity of truncated BTSDE3
protein (Fig. 5A). Along with full-length BTS, the trun-
cated BTSDHHE protein is also capable of E3 ligase-
mediated ubiquitination in an E1- and E2-dependent
manner (Fig. 5A). The E3 ligase activity of BTS, BTSE3,
and BTSDHHE, as shown by immunoblots under nonre-
ducing conditions, generated a highMr (.100 kD) smear
of ubiquitinated proteins. The presence of several
prominent bands below 100 kD in the lane containing
BTS is consistent with the observation that full-length
BTS is less stable than BTSDHHE protein (Fig. 5A;
Supplemental Fig. S8E).
Next, we investigated the physiological relevance of

BTS-PYEL interactions within the context of BTS E3 li-
gase activity. We were unable to detect either native or
recombinant GFP fusion of PYEL and PYE proteins in
Arabidopsis seedlings by immunoblot analysis and
therefore could not test whether BTS facilitates ubiq-
uitination of PYEL proteins in planta. Using a cell-free
degradation assay (Wang et al., 2009), we tested whether

BTS plays a role in the 26S proteasome-mediated deg-
radation of PYEL and PYE proteins in vitro. For the
assay, Myc-tagged PYEL and PYE proteins were puri-
fied from in vitro translation reactions. The purified
proteins were quantified, equally distributed, and incu-
bated with cell-free extracts prepared from wild-type
and bts-1 seedlings grown under iron deficiency. After
treatment, the effect of endogenous BTS on PYEL and
PYE protein content was assessed by immunoblot anal-
ysis. ILR3 and bHLH115 protein levels are stable when
incubated with bts-1 extract, but both proteins appear to
be degraded when incubated with wild-type extract
(Fig. 5B). Accordingly, protein stability of ILR3 and
bHLH115 in bts-1 extract are relatively similar to
those in wild-type extract supplemented with MG132

Figure 4. PYE and PYEL proteins form heterodimers in the nucleus. A,
BiFC assay showing in planta interactions between PYE, ILR3,
bHLH104, and bHLH115 proteins in the epidermal cells. Indicated
proteins are transiently coexpressed in RFP-Histone2B (nuclear
marker) transgenic N. benthamiana plants. EYFP fluorescence indi-
cates interaction between indicated proteins. All interactions were
tested using both combinations of N-/C-EYFP-fused reciprocal pro-
teins. Results shown represent three independent assays. B, Immuno-
blot analysis showing Co-IP of in vitro-translated HA-tagged PYE, ILR3,
or bHLH104 and Myc-tagged ILR3, bHLH104, and bHLH115 proteins.
Results shown represent two independent assays. Bars = 20 mm.

Figure 5. BTS targets ILR3 and bHLH115 for 26S proteasome-mediated
degradation. A, E3 ligase activity of BTS and its derivatives. In
vitro-translated and purified 3xHA-tagged BTS, BTSE3 domain, and
BTSDE3 and BTSDHHE deletion proteins were subjected to in vitro
ubiquitination assay containing ATP, FLAG-tagged ubiquitin (Ub), and
human E1 and E2 (UbcH5c). Proteins were immunodetected using
anti-FLAG antibody. Results shown represent two independent assays.
B, Cell-free 26S proteasome-mediated degradation of PYEL proteins by
BTS and BTSDHHE. In vitro-translated and purified Myc-tagged ILR3,
bHLH104, bHLH115, and PYE proteins were incubated with cell-free
protein extracts prepared from 7-d-old seedlings of the wild type (WT),
bts-1, and bts-1/ProBTS::BTSDHHE-GFP (BBDHG) grown on –Fe me-
dium (4 d +Fe and 3 d –Fe). Reactions were performed with and
without 160 mM MG132 (proteasome inhibitor). Proteins were immu-
nodetected using anti-Myc antibody. Ponceau S staining indicates
equal amount of cell-free protein extract loaded. C, Stability of ILR3-
GFP and bHLH115-GFP in wild-type and bts-1 seedlings expressing
either ProILR3::ILR3-GFP (top) or Pro-115::115-GFP (bottom) in roots.
Plants were grown for 6 d on 6Fe medium (4 d +Fe and 2 d 6Fe).
Results shown represent two independent assays. Bars = 20 mm.
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(N-(benzyloxycarbonyl)leucinylleucinylleucinalZ-Leu-Leu-
Leu-al), a specific 26S proteasome inhibitor. Differences in
protein stability were not observed with bHLH104 and
PYE proteins. Overall, these data provide evidence that
BTS is involved in the 26S proteasome-mediated deg-
radation of ILR3 and bHLH115. These results were
confirmed in planta by expressing translational GFP
fusions to ILR3 (ProILR3::ILR3-GFP) and bHLH115 (Pro-
115::115-GFP) in both wild-type and bts-1 plants. Con-
focal microscopy analysis of roots after 2 d of exposure
to iron deficiency revealed enhanced fluorescence asso-
ciated with ILR3-GFP and bHLH115-GFP in the bts-1
mutant under iron-sufficient as well as iron-deficient
conditions (Fig. 5C). The dramatic differences in pro-
tein accumulation between wild-type and bts-1 back-
grounds could be due to higher stability of the PYEL
proteins in presence of low levels of BTS in roots of
bts-1 rather than modest transcriptional changes
(Supplemental Fig. S7). Our in vitro data shows that
BTS has ubiquitination capacity through the E3 domain
(Fig. 5A), which is also critical for the physical interaction
of BTS with two PYEL proteins (Fig. 3).

HHE Domains Bind Iron and Affect BTS Protein Stability

BTS is structurally and functionally similar to the
essential mammalian protein F-box and leucine-rich
repeat protein5 (FBXL5). FBXL5 contains a single HHE
domain near the N terminus of the protein and as-
sembles into the SKP1-CUL1-F-box-protein [(SCF)FBXL5]
SCFFBXL5 E3 ligase complex that interacts with iron ho-
meostasis proteins, facilitating their ubiquitin-mediated
degradation (Salahudeen et al., 2009; Vashisht et al.,
2009). In the absence of iron, conformational changes in
FBXL5’s HHE domain lead to the degradation of FBXL5
and a subsequent increase in overall iron uptake and
metabolism (Salahudeen et al., 2009; Ruiz et al., 2013).
Deletion of the FBXL5 HHE domain leads to constitu-
tive accumulation of the truncated protein, while iron
and oxygen binding to the HHE domain cause in-
creased FBXL5 protein accumulation (Salahudeen et al.,
2009).

Notably, both BTS and the BTS rice orthologs OsHRZ1
and OsHRZ2 bind iron and zinc (Kobayashi et al., 2013),
and deletion of the entire first two-thirds of the OsHRZ1
protein region containing the HHE domains decreases
iron as well as zinc binding of the truncated OsHRZ1
and OsHRZ2 protein (Kobayashi et al., 2013). We hy-
pothesized that iron binding at the HHE domains could
cause a conformational change in BTS structure and ac-
tivity similar to that exhibited by FBXL5. We measured
iron and zinc content of BTS and BTSDHHE, which lacks
all three HHE domains but maintains the N-terminal end
of the protein (Supplemental Fig. S5). Recombinant His:
Maltose-Binding Protein (His:MBP) fusions to BTS and
BTSDHHE as well as His:MBP alone were expressed in
Escherichia coli, purified, and subjected to metal ion
analysis. ICP-mass spectrometry (MS) analysis of the
recombinant protein revealed that each molecule of

protein binds two molecules of iron, which is consistent
with iron binding through one HHE domain (Fig. 6A).
Deletion of the three HHE domains resulted in an ap-
proximately 10-fold reduction in the amount of iron as-
sociated with each molecule of protein (Fig. 6A). These
results are consistent with the amount of iron associated
with BTS rice ortholog OsHRZ1 and the OsHRZ1DH
constructs described by Kobayashi et al. (2013). Residual
iron present in BTSDHHE protein samples might be due to

Figure 6. BTS binds iron through HHE domains, negatively affecting
BTS protein stability. A, Iron and zinc content of His:MBP fusions
of BTS and HHE deleted (BTSDHHE) proteins or His:MBP expressed in
E. coli and purified. Error bars indicate 6 SE of the mean (n = 3 for His:
MBP and His:MBP:BTS and n = 2 for His:MBP:BTSDHHE). Asterisks
indicate significant difference from BTSDHHE and His:MBP (P , 0.05).
B, In vitro translation of 3xHemagglutinin (3xHA)-tagged BTS and
BTSDHHE proteins performed in the presence of increasing concentra-
tion of ferrous iron (Fe(II)-ascorbate). Proteins were immunodetected
using anti-BTS antibody. Amido Black staining indicates equal amount
of wheat germ extract were loaded from in vitro protein translations.
Results shown represent two independent assays. C, In vitro translation
of 3xHA-tagged wild-type BTS, single amino acid substitutions
(E108A, E369A, and E716A), and triple amino acid substitution (Ex3A)
BTS proteins were performed in presence of ferrous iron chelator (100
mM DFO) and ferrous iron [12 mM Fe(II)-ascorbate]. Proteins were
immunodetected using anti-BTS antibody. Amido Black staining indi-
cates that equal amounts of wheat germ extract were loaded from in
vitro protein translations. Results shown represent two independent
assays. D, In planta stability of BTSDHHE protein. Confocal microscopy
images of roots of 7-d-old (4 d +Fe and 3 d –Fe) bts-1 seedlings
expressing ProBTS::BTS-GFP (BBG, arrows) and ProBTS::BTSDHHE-GFP
(BBDHG) stained with propidium iodide (red). Results shown represent
four independent assays. Scale bars = 50 mm.
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the presence of other cation-binding sites such as the
CHY zinc-finger domain, which is capable of binding
other metals, including iron (Besold et al., 2010). The full-
length BTS protein also contained significant amounts of
zinc metal ion, and deletion of HHE domains resulted in
a 5-fold reduction in zinc content associated with BTSDHHE
protein (Fig. 6A). This indicates that BTS, similar to its rice
orthologs OsHRZ1 and OsHRZ2 (Kobayashi et al., 2013),
may bind both iron and zinc.
We investigated the effect of iron on BTS stability in

planta by Agrobacterium tumefaciens-mediated transient
expression of BTS-Enhanced GFP (EGFP) protein in
N. benthamiana leaves. Protein expression was driven un-
der the constitutive 35S promoter, and leaves were
infiltrated with either an iron source (400 mM ferric
ammonium citrate [FAC]) or a ferrous iron chelator (400
mM deferoxamine-B [DFO]). The presence of excess iron
caused a visible decrease in BTS-EGFP signals, while
the chelation of ferrous iron led to significantly higher
visual BTS-EGFP signals (Supplemental Fig. S8A). We
were unable to detect BTS protein under any condition
in the native system by immunoblot analysis, and there
are no previous reports of immunodetection of the
protein in the native system in the literature. Therefore,
to determine whether the presence of iron affects BTS
stability, we translated 3xHA-tagged BTS and BTSDHHE
proteins in vitro in the presence of increasing concen-
trations of ferrous iron [0–12 mM Fe(II)-ascorbate] using
a wheat germ extract system. Using an antibody that
recognizes both BTS- and BTSDHHE-deleted proteins, we
determined that the levels of full-length BTS protein
accumulation were dramatically decreased in a dose-
dependent manner with the inclusion of Fe(II)-
ascorbate compared with the control (Fig. 6B). Similar
results were obtained with ferric ammonium citrate
(FAC), but significantly more FACwas needed to achieve
the same effect (Supplemental Fig. S8B). BTS protein ac-
cumulation was not affected in the presence of ferrous
iron chelators DFO and ferrozine (Supplemental Fig. S8B).
It has been previously reported that wheat germ extract
has negligible 26S proteasome activity (Takahashi et al.,
2009). However, in vitro translation reactions performed
in the presence and absence of MG132 produced no
changes with respect to BTS accumulation (Supplemental
Fig. S8B), indicating that MG132 alone also has no effect
on BTS stability. While the nucleus is known to contain
high concentrations of iron (Roschzttardtz et al., 2011a),
we note that the physiological effects of high concentra-
tions of iron on BTS accumulation should be viewed with
caution, as the exact concentration of iron that accumu-
lates within cellular compartments under varying iron
conditions is unknown. Importantly, the levels of trun-
cated BTSDHHE protein accumulation were unaffected by
the presence of an iron source and appear identical after
control and Fe(II)-ascorbate, FAC, and iron chelator
treatments (Fig. 6B; Supplemental Fig. S8B). The iron
status also had no effect on in vitro-translated bHLH
transcription factors PYE and PYEL (Supplemental Fig.
S8B), suggesting that the observed effect of iron on BTS is
specific and addition of excess iron or iron chelators does

not alter the Salmonella typhimurium phage6 (SP6) promoter-
mediated in vitro transcription or translation of proteins
using wheat germ extract.

Because the HHE domains are required for iron
binding and deletion of the HHE domains corresponds
to increased accumulation of truncated BTS (Fig. 6D;
Supplemental Fig. S8E), we hypothesized that binding of
iron through these domains decreases the stability of
BTS and conversely, in the absence of iron, BTS is sta-
bilized and able to accumulate. A point mutation in the
mammalian FBXL5 HHE domain resulting in substitu-
tion of an iron-coordinating Glu to Ala (E61A) eliminates
FBXL5 iron-binding capacity and prevents accumulation
(Salahudeen et al., 2009). Amino acid sequence align-
ment of the FBXL5 and BTS HHE domains revealed
conserved Glu residues in the same position as the
FBXL5 E61 in all three BTS HHE domains (Supplemental
Fig. S8C). To test whether these three conserved residues
were critical for the stability of BTS, we in vitro trans-
lated recombinant 3xHA-BTS proteins containing single
amino acid substitutions (E108A, E369A, and E716A)
and BTS protein containing all three amino acid substi-
tutions (Ex3A) using a wheat germ system in the pres-
ence of Fe(II)-ascorbate, FAC, and DFO (Fig. 6C;
Supplemental Fig. S8D). The E108A and E369A substi-
tutions in BTS HHE domains 1 and 2, respectively, as
well as the combination of the three-amino acid substi-
tution (Ex3A) resulted in proteins that were unaffected
by the presence of the iron source [Fe(II)-ascorbate and
FAC] or iron chelator (DFO; Fig. 6C; Supplemental Fig.
S8D). Substitution of E716A in HHE domain 3, however,
resulted in protein content similar to that of wild-type
BTS, suggesting instability in the presence of the iron
source (Fig. 6C; Supplemental Fig. S8D). These results
indicate that E108 and E369 are critical amino acid res-
idues for iron-dependent BTS instability andmay further
explain the inability to detect full-length BTS protein in
plant extracts by immunoblot analysis. The Ex3A,
E108A, and E369A point mutations are unlikely to cause
the observed increased protein accumulation of BTS
(compared with the wild type) due to increased in vitro
protein translation in the presence of physiologically
relevant levels of iron. Moreover, because transcript
synthesis in the in vitro translation system is driven by a
constitutive promoter, it is unlikely the alterations ob-
served in protein accumulation result from changes in
levels of transcription but more likely reflect actual
changes in protein stability in response to iron binding.

The HHE Domain Mediates BTS Accumulation and
Function in Planta

To further verify the role of the HHE domains in
planta, we generated bts-1 lines expressing ProBTS::BTS-
GFP (bts-1/BBG) and bts-1 lines expressing ProBTS::
BTSDHHE-GFP (bts-1/BBDHG), a truncated version of BTS
lacking the HHE domains (Supplemental Fig. S5). We
exposed these plants to both iron-replete and -deplete
conditions. Relative transcript levels of BTS were
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determined for the wild type, bts-1, and the com-
plemented lines. Both of the constructs used to com-
plement bts-1 are capable of being induced under iron
deficiency, but only BBDHG line 9-5 expresses at a
level that does not differ significantly from the wild
type (Fig. 7A).

BTS-GFP protein is barely detected by confocal mi-
croscopy and undetectable by immunoblot analysis
irrespective of iron status (Fig. 6D; Supplemental Fig.
S8, E and F). However, lines expressing BBDHG accu-
mulate the truncated protein under both conditions,
with substantially more accumulation under iron defi-
ciency in both the vascular nucleus and cytosol (Fig. 6D;
Supplemental Fig. S8, E and F). Similar localization is
also seen in N. benthamiana leaf epidermal cells tran-
siently expressing GFP fusions of BTS lacking the HHE
domains (BTSDHHE; Supplemental Figs. S4B and S5).
Note that the increased protein accumulation of BBDHG
compared with BBG in Arabidopsis roots is not due to
differences in transcript accumulation between these two
lines (Fig. 7A), suggesting that accumulation of BBDHG is
posttranscriptionally regulated.

To verify that both BBG and BBDHG constructs are
biologically relevant, we examined bts-1 lines express-
ing BBG and BBDHG for complementation of the mu-
tant phenotypes observed in bts-1 (Fig. 2, A–D). Relative
to the bts-1 mutant, all of the BBG and BBDHG lines
mostly complement root length, rhizosphere acidifica-
tion, and iron reductase activity to wild-type levels (Fig.
7, B, C, and E; Supplemental Fig. S9), with BBDHG line
9-5 (Fig. 7A) complementing most fully to or beyond
wild-type levels. Rhizosphere acidification levels cor-
respond to the accumulation of AHA protein in the root
membrane fractions derived from plants after transfer
to iron-depleted medium (Fig. 7D). Immunoblot anal-
ysis also revealed lower IRT1 protein level in bts-1, with
bts-1/BBG line 1-2 exhibiting recovery of IRT1 protein
levels similar to wild-type levels (Fig. 7D). bts-1/
BBDHG 9-5 plants exhibited decreased levels of IRT1
protein compared with both the wild type and bts-1.
Such a response could be due to the complex tran-
scriptional and posttranslational regulation of IRT1
(Barberon et al., 2011), which may be indirectly affected
by other alterations in iron homeostasis caused by in-
creased stability of BTS. Overall, these results suggest
that the artificial stability of BBDHG is able to comple-
ment many aspects of the bts-1 phenotype, likely as a
result of increased BTS protein accumulation and
functional E3 ligase activity. This is further supported
by the result that cell-free degradation assays using a
cell-free extract from bts-1/BBDHG 9-5 complemented
lines resulted in degradation of ILR3 and bHLH115
proteins similar to the wild type (Fig. 5B).

DISCUSSION

In this study, we further characterize the role of BTS
in iron homeostasis in Arabidopsis. We provide evi-
dence that BTS functions as an iron-binding protein that

Figure 7. Complementation of bts-1 mutant by ProBTS::BTS-GFP
(BBG) and ProBTS::BTSDHHE-GFP (BBDHG). A, Relative BTS expression
in root tissue of 7-d-old seedlings grown on +Fe medium for 4 d and
then transferred to 6Fe medium for 3 d. Error bars indicate 6 SE of the
mean (n = 4), and columns with different letters are significantly dif-
ferent from each other (P , 0.05). B, Root length of 11-d-old seedlings
grown on 6Fe medium (4 d +Fe and 7 d 6Fe). Error bars indicate 6 SE

of the mean (n = 32), and columns with different letters are signifi-
cantly different from each other (P , 0.05). C, Rhizosphere acidifi-
cation of 8-d-old seedlings grown on –Fe medium (4 d +Fe, 3 d –Fe,
and 1 d bromocresol purple). Eight plants per genotype were grouped
on bromocresol purple agar medium. Results shown represent four
independent assays. D, Levels of AHA and IRT1 proteins in mem-
brane fractions isolated from the roots of wild-type (WT), bts-1 mu-
tant, and BBG and BBDHG complemented lines. Coomassie Brilliant
Blue (CBB) R-250 staining shows equal loading of protein. Results
shown represent two independent assays. E, Iron reductase activity of
10-d-old seedlings grown on 6Fe medium (7 d +Fe and 3 d 6Fe).
Error bars indicate 6 SE of the mean (n = 4), and columns with dif-
ferent letters are significantly different from each other (P , 0.05).
FW, Fresh weight.
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regulates the accumulation of PYEL bHLH transcrip-
tion factors in response to iron deficiency. Because these
proteins form heterodimers with PYE, we propose that
the interaction between BTS and the PYEL proteins
could mediate PYE activity and, thus, response to iron
deprivation, including rhizosphere acidification, iron
reductase activity, and iron content in plants. The
finding that accumulation of the PYEL protein ILR3
controls iron availability for auxin homeostasis (Rampey
et al., 2006) also provides evidence that BTS could
mediate iron homeostasis through interaction with
other PYEL proteins, independent of PYE. Further
analysis of ILR3, bHLH115, and bHLH104 within the
context of iron homeostasis is needed to determine
how their interplay with PYE, BTS, and each other is
involved in metal ion homeostasis.
Disruption of BTS leads to increased root elongation

compared with wild-type plants (Fig. 2B; Supplemental
Fig. S3A). Mutations in BTS also result in increased
levels of embryo lethality (Fig. 2E; McElver et al., 2001;
Tzafrir et al., 2004). This suggests that BTS plays an
important role in certain aspects of plant growth and
development, which corresponds with BTS expression
in roots and reproductive tissues (Figs. 1 and 2). The
effect of loss of BTS function on embryonic develop-
ment (Fig. 2E) may be due to perturbations in the reg-
ulation of iron translocation into developing siliques
and embryos, as is evident from relatively high iron
content in bts seeds (Fig. 2, F–G). The existence of
ferritin-mediated checkpoints for iron transport from
hull to the seed and proper iron storage in the seeds is
critical for healthy embryo development (Ravet et al.,
2009). Several reports have indicated the importance of
proper loading of metal ions into seeds for successful
plant reproduction. The role of YSL (AtYSL1 and
AtYSL3) and the oligopeptide transporter (AtOPT3)
protein family in iron translocation to developing em-
bryo and into the seed coat is critical for reproductive
growth (Le Jean et al., 2005; Stacey et al., 2008; Chu
et al., 2010; Mendoza-Cózatl et al., 2014; Zhai et al.,
2014). Additionally, the role of Arabidopsis thaliana
FERRIC REDICTASE DEFECTIVE3 (AtFRD3) in iron
acquisition in reproductive tissues such as pollen grain
and embryos suggests a complex mechanism of iron
nutrition during embryogenesis (Roschzttardtz et al.,
2011b). Examination of ysl, opt3, and frd3 mutations in
combination with the btsmutant background could shed
new light on the role of BTS during seed development.
The observed increased iron accumulation during em-
bryogenesis could contribute to lethality (Fig. 2, E and F),
most likely due to the iron-mediated production of re-
active oxygen species leading to oxidative stress during
the crucial period of embryo development (Ravet et al.,
2009). Exposing the BTS embryonic lethal knockdown
allele emb-2/+ to iron deficiency during embryogenesis
could potentially rescue the bts effect on embryogenesis.
Rhizosphere acidification coupled with higher FRO2

and IRT1 activity leads to increased solubility and
transport of iron into root epidermal cells (Marschner,
1995; Eide et al., 1996; Robinson et al., 1999; Vert et al.,

2002). Similar to seed iron content (Fig. 2F), we observed
slight, although statistically insignificant, increases in shoot
and root iron content in bts-1 seedlings (Supplemental Fig.
S3C), which could be attributed to enhanced rhizosphere
acidification (Fig. 2C; Supplemental Fig. S3B) facilitated by
increased AHA protein levels (Fig. 7D) and higher FRO2
activity (Fig. 2D). Although reduced IRT1 protein levels
(Fig. 7D) could be a rate-limiting step for iron uptake in bts
mutants, it is likely that the elevated rhizosphere acidifi-
cation, iron reductase activity, and iron uptake are a result
of decreased BTS activity, which leads to the phenotype of
increased growth of btsmutants under low iron, as evident
by increased root length (Fig. 2B; Supplemental Fig. S3A).

Because full-length BTS (BBG) and BTSDHHE (BBDHG)
complemented bts-1 lines by restoring root growth
phenotype, rhizosphere acidification, and iron reduc-
tase activity to levels similar to the wild type (Fig. 7, B,
C, and E; Supplemental Fig. S9), we propose that iron-
binding HHE domains do not participate directly in
these phenotypes under iron deficiency. Rather, the HHE
domains are responsible for regulating the amount of
active protein accumulating in the cells. Therefore, no-
ticeable decreases in the levels of rhizosphere acidification,
iron reductase activity, and AHA and IRT1 levels in the
bts-1/BBDHG 9-5 line (Fig. 7, B–E) exposed to iron depri-
vation could be a reflection of the higher accumulation of
BBDHGprotein in the roots (Fig. 6D; Supplemental Fig. S8,

Figure 8. Model for BTS protein stability and function. A, BTS is
transcriptionally induced by iron deficiency along with bHLH tran-
scription factors PYE and PYEL. Under low-iron conditions, BTS pro-
tein is more stable and regulates PYEL/PYE regulatory activity through
its E3 ligase activity to modulate and fine-tune PYEL/PYE-mediated
iron deficiency response in plants. B, Upon recovery of iron, tran-
scriptional induction of BTS, PYE, and PYEL decreases. Elevated levels
of iron are sensed through the HHE domains, altering BTS conforma-
tion and stability. This response results in the proteolysis of BTS pro-
tein, thereby further reducing the iron-responsive E3 ligase capacity of
the cells.
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E and F), which in turn could attenuate the iron deficiency
response.

Accumulation of BTS is affected by binding iron
through the HHE domains (Fig. 6A). This is evident
from the decreased accumulation of BTS protein in the
presence of both ferrous as well as ferric iron (Fig. 6B;
Supplemental Fig. S8, A and B) and in vivo accumula-
tion of truncated BBDHG compared with BBG, irre-
spective of iron status in roots (Fig. 6D; Supplemental
Fig. S8, E and F). These results indicate that iron binding
may initiate BTS degradation, which is not necessarily
in conflict with the results obtained by Kobayashi et al.
(2013) showing 26S proteasome-mediated degradation
of the rice orthologs OsHRZ1 and OsHRZ2. Binding
iron through the BTS HHE domains could result in el-
evated levels of reactive oxygen species. Such accumu-
lation could lead to the introduction of carbonyl groups
into the protein and subsequently proteolytic cleavage
of BTS to lower Mr products (Stohs and Bagchi, 1995;
Cabiscol et al., 2000). This process could rapidly inten-
sify in the presence of excess ferrous iron (Fig. 6, A and
B; Supplemental Fig. S8B). Alternatively, but not
mutually exclusive to the metal-catalyzed oxidation
of protein, binding of iron could result in structural
changes that expose regions of BTS that are susceptible
to proteolysis by proteolytic enzymes. We propose that
iron binding itself is the trigger for BTS destabilization
(Supplemental Fig. S8A), which may be followed by 26S
proteasome-mediated degradation. Our data also sug-
gest that iron binding, specifically in HHE1 and HHE2
domains, is critical for BTS instability (Fig. 6C). These
results are intriguing because single point muta-
tions in either HHE1 or HHE2 domains abolish the
destabilization of BTS protein, which appears to be
mediated by iron. One possible explanation for this
observation is that there could be cooperativity in iron
binding such that the capability of one HHE domain to
bind iron affects the other. However, in-depth anal-
ysis of single as well as triple point mutations of the
BTS HHE domains is required to further charac-
terize the iron-binding capabilities, E3 ligase function,
and overall effect of BTS on plant iron homeostasis
mechanisms.

In vitro analyses suggest that BTS interacts with (Fig. 3)
and restricts the accumulation of iron-responsive bHLH
transcription factors ILR3 and bHLH115 through its E3
ligase activity and can mediate proteasomal degradation
of these targets even in the absence of HHE domains
(Fig. 5, A–C). Notably, the mammalian protein FBXL5,
unlike BTS, does not contain a RING domain and
thus lacks the ability to directly ubiquitinate its tar-
gets for degradation via the 26S proteasome pathway
(Salahudeen et al., 2009; Vashisht et al., 2009; Thompson
et al., 2012). FBXL5 does, however, provide the speci-
ficity to the SCFFBXL5 E3 ligase complex to regulate iron
homeostasis. In contrast to the mammalian iron re-
sponse pathway, BTS may assume the role of the
SCFFBXL5 E3 ligase complex, where both the iron-sensing
and E3 ligase activities reside within a single protein
(Figs. 5 and 6).

We provide evidence that BTS targets bHLH tran-
scription factors ILR3 and bHLH115 for 26S proteasome-
mediated degradation, resulting in either the disruption
or inhibition of heterodimer complex formation between
PYE and PYEL proteins. This could potentially perturb
the downstream iron deficiency-responsive genes regu-
lated by PYE (Long et al., 2010) or ILR3 (Rampey et al.,
2006). Based on our findings, we propose a model for
BTS protein stability and cellular function in Arabidopsis
(Fig. 8). As plants encounter iron-deficient conditions,
BTS accumulates due to both transcriptional and post-
translational control (Fig. 7A). The increase in BTS levels
is reflected in an increase in iron-responsive E3 ligase
activity, facilitating the degradation of PYEL proteins
ILR3 and bHLH115 (Fig. 5, B and C). While the function
of bHLH115 in iron homeostasis is unknown, ILR3 is
thought to play a role in metal-dependent IAA-conjugate
hydrolysis by controlling the expression of iron trans-
porters (Rampey et al., 2006). By interacting with PYE, a
second transcriptional regulator that induces the iron
deficiency response, ILR3 and bHLH115 may form part
of a functional heterodimer that accumulates under low
iron and facilitates the iron deficiency response. BTS,
which also accumulates under iron deprivation, could
restrain the responses mediated by PYE/PYEL, thus
modulating or fine-tuning the iron deficiency responses,
ensuring sufficient yet not excess iron uptake, which af-
fects overall root growth. Once sufficient iron accumu-
lates, PYE, PYEL, and BTS are no longer transcriptionally
activated, and BTS is maintained at minimal levels
through iron-mediated regulation via the HHE domain.
Such control would enable BTS to accumulate under low
iron and consequently mediate degradation of regula-
tory targets, yet be rapidly decreased when iron is once
again available. In conclusion, BTS is a critical iron-
sensing E3 ubiquitin ligase that targets regulatory com-
ponents of the iron deficiency pathway in plants. Further
in-depth studies of BTS and its target bHLH transcrip-
tion factor will elucidate their function in the plant iron
homeostasis signaling network.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

The knockdown T-DNA insertion lines for bts-10 (SALK_087255), bts-12
(SALK_122102), and emb2454-2 (CS-16056) were reconfirmed using PCR with
T-DNA left-border primer (LBb1.3) and gene-specific primers. Primer sets are listed
in Supplemental Table S1. The T-DNA insertion line for bts-1 (SALK_016526) was
previously confirmed (Long et al., 2010). Col-0 was used as the wild type. Seed
sterilization was performed as previously described (Long et al., 2010). For plant
growth on plates, iron-sufficient (+Fe) medium was standard Murashige and
Skoog medium with 0.05% (w/v) MES, 1% (w/v) Suc, 1% (w/v) agar, and
0.1 mM Fe-EDTA substituted for iron sulfate. Iron-deficient (–Fe) medium was the
same, with 300 mM ferrozine, an iron chelator, substituted for iron sulfate. For all
experiments in which seedlings were shifted from iron-sufficient (+Fe) to either
sufficient (+Fe) or deficient (–Fe) medium, 100 mm Nitex nylon mesh (Genesee
Scientific) was placed on top of the solid medium and seeds were placed directly
on nylon mesh. Plants were grown vertically on plates at 22°C under a 16-h-light
and an 8-h-dark period in environmentally controlled plant growth chambers
(Percival Scientific). Time of transfer of seedlings from +Fe to –Fe plates was
dependent on individual experiments and listed for each assay. Arabidopsis
(Arabidopsis thaliana) plants were grown and propagated in Metro-Mix 300 soil

282 Plant Physiol. Vol. 167, 2015

Selote et al.



 

58 

 

(SunGro Horticulture) at 22°C under a 16-h-light and an 8-h-dark period in en-
vironmentally controlled growth chambers. Nicotiana benthamiana (wild-type and
RFP-Histone2B transgenic) plants were grown for 5 to 6 weeks in Metro-Mix 300
soil at 26°C under a 16-h-light and an 8-h-dark period in environmentally con-
trolled growth chambers.

Plasmid Construction

Coding regions of bHLH transcription factors PYE (At3g47640), ILR3
(At5g54680), bHLH104 (At4g14410), and bHLH115 (At1g51070) and full-length BTS
(At3g18290) were cloned into the Gateway entry vector pENTR/D-TOPO as pre-
viously described (Long et al., 2010). The full-length BTS clone was used for
generating truncated derivatives of BTS (BTSDHHE and BTSDE3), single point mu-
tations (E108A, E369A, and E716A), and a triple point mutation (Ex3A) and for
cloning specific domains of BTS (BTS-HHE and BTS-E3 domains) into the pENTR/
D-TOPO vector (Invitrogen). Primers are listed in Supplemental Table S1.

The upstream regulatory or promoter sequences of ILR3 (3,426 bp) and
bHLH115 (574 bp) were amplified from genomic DNA (Arabidopsis Col-0) and
cloned into the pDONRP4-P1R vector (Invitrogen). Primers are listed in
Supplemental Table S1. The coding region of ILR3 (At5g54680) and bHLH115
(At1g51070) genes were cloned into the pENTR/D-TOPO vector, and GFP was
cloned into the pDONRP2R-P3 vector (Invitrogen) as previously described (Long
et al., 2010). The ProILR3::ILR3-GFP and Pro-115::115-GFP clones were made by
Multisite Gateway cloning technology (Life Technologies). Each promoter and
open reading frame was cloned into the pGREEN (Hellens et al., 2000) binary
vector derivative containing a nopaline synthase terminator with a C-terminal
GFP fusion and spectinomycin and BASTA resistance genes (Lee et al., 2006).

To generate the ProBTS::GUS construct, the BTS promoter sequence (3,000
bp) was subcloned from the pDONRP4P-1R ProBTS clone (Long et al., 2010)
into the pENTR/D-TOPO vector to serve as an entry clone (primers are listed
in Supplemental Table S1). The insert from this construct was transferred to
the pMDC162 binary vector (Curtis and Grossniklaus, 2003) through Gateway
cloning technology (Invitrogen) to produce ProBTS::GUS, which was trans-
formed into wild-type Col-0 plants.

To generate constructs for transient protein expression in N. benthamiana
leaves, coding regions of genes from pENTR/D-TOPO clones were transferred
to pSITE-BiFC-C1cec/nec vectors (Martin et al., 2009) through Gateway
cloning technology (Invitrogen) to generate vectors containing N-/C-terminal
halves of EYFP fusions for BiFC assays. For protein localization studies,
coding regions of genes were transferred to pSITE-2NA/CA for N-/C-
terminal EGFP fusions and pSITEII-6C1 for N-terminal TaqRFP fusions pro-
teins. These clones were introduced into Agrobacterium tumefaciens strain
LBA4404 for transient expression of proteins in RFP-Histone2B transgenic N.
benthamiana leaves (Martin et al., 2009).

To construct vectors for in vitro protein translation, genes from pENTR/
D-TOPO clones (Long et al., 2010) were transferred to Gateway-compatible
vectors pIX-3xHA, pIX-Halo (Arabidopsis Biological Resource Center), pF3K
WG-BYDV, and pFN19K HaloTag T7 SP6 Flexi Vector (Promega). These
vectors were used for the synthesis of epitope-tagged proteins in vitro using
the TNT SP6 High-Yield Wheat Germ Protein Expression System (Promega).

Root Length Analysis

For each genotype, eight to 10 seeds were grown on +Fe medium for 4 d and
then shifted to either +Fe or –Fe medium for 7 d (4 d +Fe, 7 d6Fe). Plates were
scanned when plants were 11 d old. ImageJ software (http://rsb.info.nih.gov/ij/)
was used for root length measurements.

Rhizosphere Acidification

Rhizosphere acidification was performed as previously described (Yi and
Guerinot, 1996). Briefly, 7-d-old (4 d +Fe and 3 d –Fe) seedlings were trans-
ferred to 1% (w/v) agar plates containing 0.006% (w/v) bromocresol purple
and 0.2 mM CaSO4 (pH 6.5 adjusted with 1 M NaOH) for 24 h.

Iron Reductase Assay

Ferric reductase activity was measured as described previously (Gibbs,
1976; Yi and Guerinot, 1996). Briefly, eight roots of 10-d-old (7 d +Fe and
3 d 6Fe) seedlings were weighed and placed in assay solution containing 0.1
mM Fe(III)-EDTA and 0.3 mM ferrozine. The seedlings were incubated in the
dark for 1 h. The absorbance was measured spectrophotometrically at 562 nm.

Histochemical Detection of Iron Localization

Perls staining was performed to localize iron in 7-d-old (4 d +Fe and 3 d –Fe)
seedlings as previously described (Long et al., 2010). Green siliques were
cleared of chlorophyll using chloral hydrate as described previously (Berleth
and Jurgens, 1993). Imaging was performed with a Leica MZ FLIII stereomi-
croscope.

Embryo Lethality

Green siliques were cleared (Berleth and Jurgens, 1993), and the silique
covers were removed with the aid of a dissecting microscope (Leica MZ12).
Percentage of embryo lethality was measured by counting degraded/halted
and normal embryos under a Zeiss AXIOImagerM2 microscope.

GUS Histochemical Assay

GUS staining of the wild-type/ProBTS::GUS transgenic line (T3) was
performed as previously described (An et al., 1996) with the following
modifications. Briefly, fresh tissue samples were fixed in ice cold 90%
(v/v) acetone for 1 h and then vacuum filtrated for 30 min. Samples were
vacuum infiltrated with staining buffer (50 mM PO4 buffer with 0.2% [v/v]
Triton X-100, 100 mM K3Fe(CN)6, and 100 mM K4Fe(CN)6) for 10 min on
ice followed by vacuum infiltration in staining buffer containing 2 mM

5-bromo-4-chloro-3-indolyl-b-D-glucuronic acid for 20 min on ice. Samples
were incubated at 37°C for 30 min to 24 h followed by a 70% (v/v) ethanol
wash.

Quantitative Reverse Transcription-PCR

Total RNA was isolated from roots of 7-d-old (4 d +Fe and 3 d 6Fe)
seedlings using the RNeasy plant mini kit (Qiagen), and first-stand comple-
mentary DNA was synthesized using the Superscript III complementary DNA
synthesis kit (Life Technologies). Quantitative reverse transcription-PCR was
conducted using iTaq Universal SYBR Green Supermix (Bio-Rad) and the
StepOnePlus Real-Time PCR System (Applied Biosystems). Primers are listed
in Supplemental Table S1. Relative expression was calculated using the
comparative cycle threshold method, normalized to b-tubulin.

Confocal Microscopy of Roots

ProILR3::ILR3-GFP and Pro115::115-GFP clones were transformed into
wild-type Col-0 (BTS) and bts-1 mutant background. To examine changes in
the stability of ILR3-GFP and bHLH115-GFP proteins in the wild type and
bts-1 mutant background, T3 lines were grown on +Fe for 4 d and then shifted
to 6Fe for 2 d. Roots were counterstained with 10 mM propidium iodide to
visualize cells (Long et al., 2010) and imaged with a laser scanning microscope
(Zeiss LSM 710).

Tissue Elemental Analysis

One hundred milligrams of seeds of wild-type and bts alleles was plated
on Murashige and Skoog agar medium for metal ion analysis. Root and
shoot tissue samples were collected from 10-d-old (7 d +Fe and 3 d 6Fe)
seedlings. Shoot samples were thoroughly rinsed with deionized water,
while the root samples were desorbed for 10 min with 2 mM CaSO4 and
10 mM EDTA and then rinsed for 5 min with deionized water. The tissue
samples were lyophilized and analyzed for iron content by ICP-OES
as previously described (Barberon et al., 2011). One hundred fifty milli-
grams of seeds per genotype were subjected to ICP-OES for metal content
analysis.

Protein Analysis from Arabidopsis Roots

Roots from 7-d-old (4 d +Fe and 3 d 6Fe) seedlings were homogenized in
buffer containing 20 mM Tris-HCl (pH 7.0), 150 mM NaCl, 1 mM EDTA, 1%
(v/v) Triton X-100, 0.1% (w/v) SDS, 10 mM dithiothreitol (DTT), and 13 plant
protease inhibitor cocktail (Sigma-Aldrich). Proteins were separated on 7.5%
to 10% (w/v) SDS-PAGE gels. Proteins were immunodetected using anti-GFP
antibody (Invitrogen), anti-H+-ATPase (Agrisera), anti-IRT1 (Agrisera), and
ECL Plus chemiluminescence substrate (Pierce).
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Subcellular Fractionation of Arabidopsis

Roots from 7-d-old (4 d +Fe and 3 d –Fe) seedlings were used to isolate
nuclear and cytoplasmic fractions using the modified Suc-Percoll density gra-
dient method (Luthe and Quatrano, 1980; Sikorskaite et al., 2013). For nuclei
isolation, roots were homogenized in ice-cold nuclei isolation buffer (NIB; 10 mM

MES-KOH, pH 5.4, 10 mM MgCl2, 10 mM NaCl, 10 mM KCl, 1 mM EDTA, 250 mM

Suc, 0.5% [v/v] Triton X-100, and 13 protease inhibitor cocktail) and supple-
mented immediately before use with 0.1 mM spermine, 0.5 mM spermidine, and
2.5 mM DTT. The homogenate was filtered through four layers of Miracloth and
centrifuged at 1,000g for 10 min at 4°C to obtain the crude nuclear pellet
and supernatant. The supernatant was subjected to ultracentrifugation at
100,000g for 1 h to separate soluble cytoplasmic fraction (supernatant) from the
endomembrane (membrane pellet). The crude nuclear pellet was gently resus-
pended in NIB buffer (without supplements) and purified by centrifugation in a
discontinuous Suc-Percoll gradient (2.5 M Suc and 80%, 60%, and 40% [v/v]
Percoll in NIB) at 4,080g in a swinging-bucket rotor for 30 min at 4°C. The intact
nuclei banded in the 80% Percoll layer (above Suc-Percoll interface) were col-
lected using Pasteur pipette, washed three times with five volumes of ice-cold
NIB containing 0.1% (v/v) Triton X-100 to remove Percoll, and centrifuged at
1,000g for 10 min. The nuclei pellet was resuspended in 100 mL of 13 phosphate-
buffered saline containing 20% (v/v) glycerol and 2.5 mM DTT. Total, cyto-
plasmic, and nuclear proteins were separated on a 10% (w/v) SDS-PAGE gel
and immunodetected using anti-GFP antibody (Invitrogen) and ECL Plus
chemiluminescence substrate (Pierce). Purity of isolated subcellular fractions was
evaluated by reprobing the blots with either anti-Histone3 (for nuclear protein)
or anti-ascorbate peroxidase (cytoplasmic proteins) and vice versa. The mem-
brane pellets were washed (50 mM Tris-Cl, pH 7.5, 5 mM MgCl2, and 13 plant
protease inhibitor cocktail) and centrifuged again at 100,000g for 1 h to pellet
down the endomembrane. The membrane proteins were solubilized in 50 mM

Tris-Cl, pH 7.5, 5 mM MgCl2, and 1% (w/v) SDS, quantified, and separated on a
10% (w/v) SDS-PAGE gel. The plasma membrane-localized AHA and IRT1
proteins were immunodetected using anti-H+-ATPase- and anti-IRT1-specific
antibodies (Agrisera).

Iron-Binding Analysis of Recombinant BTS Protein

The coding regions of full-length BTS and BTSDHHE deletion (Supplemental
Fig. S5) were cloned into the expression vector pDEST-HisMBP (Nallamsetty
et al., 2005) using Gateway cloning technology (Invitrogen). To generate a
construct for expressing solely the HisMBP, scBTS was amplified with primers
BTS_5primeSC_L_F and BTS-SC-R (Supplemental Table S1) to introduce a
stop codon prior to the codon for the initiating Met. The PCR fragment was
then first cloned into pENTR/D-TOPO vector and subsequently transferred
into expression vector pDEST-HisMBP using Gateway cloning technology
(Invitrogen). The resulting plasmids were introduced into Escherichia coli BL21
(DE3)pLysS (Life Technologies) for recombinant HisMBP-BTS, HisMBP-
BTSDHHE, and HisMBP-scBTS protein expression. Cultures were grown
overnight at 15°C following incubation with 0.1 mM isopropyl b-D-1-
thiogalactopyranoside. Proteins were extracted in 30 mM Tris-HCl, pH 7.0, and
200 mM NaCl and purified on a Bio-Scale Mini Profinity IMAC cartridge (Bio-
Rad) according to manufacture’s recommendations. Samples were dialyzed
against 20 mM ammonium acetate and lyophilized. The purified proteins
(1.66–3.39 mg) were subjected to ICP-MS analysis for determination of iron
and zinc content.

BTS Protein Stability Assay

3xHA-BTS, 3xHA-BTSDHHE, BTS single (E108A, E369A, and E716A) and
triple (Ex3A) point mutants, and Myc-tagged bHLH transcription factors
(ILR3, bHLH104, bHLH115, and PYE) were in vitro translated using the
TNT SP6 High-Yield Wheat Germ Protein Expression System (Promega).
The vectors (100 ng) containing respective coding regions of individual
genes (as described above) were mixed with 10 mL of wheat (Triticum
aestivum) germ extracts for in vitro transcription-coupled translation of
proteins. The reactions were supplemented with either iron chelators (100–
400 mM DFO or 400 mM ferrozine) or ferrous iron [0–12 mM Fe(II)-ascorbate]
and ferric iron (400 mM FAC). Total protein from the expression reactions
were separated on 9% (w/v) SDS-PAGE gels and immunodetected using
tag-specific antibodies or BTS-specific antibodies directed against N-terminal
(BTS amino acids 32–46) and C-terminal (BTS amino acids 1,238–1,250) pep-
tides produced in rabbit.

BiFC Assay

BiFC assays were carried out as previously described (Selote and Kachroo,
2010). Briefly, proteins were transiently coexpressed into RFP-Histone2B-tagged
N. benthamiana plants (transgenic plants expressing nuclear-localized RFP-tagged
Histone2B protein). For the assay, A. tumefaciens mixtures were infiltrated using
a 1-mL syringe without a needle into the abaxial side of 5- to 6-week-old
N. benthamiana leaves. After 48 h of transfection, water-mounted sections of
leaf tissue were examined with a laser scanning microscope (Zeiss LSM 710).
Proteins were expressed as N-EYFP and C-EYFP fusions, and all interactions
were tested using both combinations of N-/C-EYFP-fused reciprocal proteins.

Co-IP Assay

HA-, Myc-, and HaloTag fusion proteins were in vitro translated using the
TNT SP6 High-Yield Wheat Germ Protein Expression System (Promega). The
vectors (1 mg) containing respective coding regions of individual genes (as
described above) were mixed with 50 mL of wheat germ extracts for in vitro
transcription-coupled translation of proteins. For Co-IP assays, HA- or Halo-
tagged fusion proteins (50 mL of wheat germ extract reaction) were mixed with
either Myc- or HA-tagged fusion proteins (50 mL of wheat germ extract re-
action), respectively, and incubated overnight at 4°C with either anti-HA aga-
rose (Sigma-Aldrich) or HaloLink affinity resins (Promega). After Co-IP, the
anti-HA or HaloLink affinity resins were extensively washed with phosphate-
buffered saline containing 0.1% (v/v) Tween 20. Co-IP proteins were eluted
using tag-specific peptides and separated on 9% (w/v) SDS/PAGE gel. Pro-
teins were immunodetected using anti-HA-, anti-c-Myc- (Bethyl Laboratories),
and anti-HaloTag-specific (Promega) primary antibodies and horseradish
peroxidase-conjugated secondary antibody. Blots were developed using ECL
Plus chemiluminescence substrate (Pierce).

In Vitro Ubiquitination Assay

Ubiquitination assays were carried out using a ubiquitinylation kit (ENZO
Life Sciences). Briefly, in vitro-translated and purified 3xHA-BTS and its de-
rivatives (0.1 mg) were incubated with 13 ubiquitinylation buffer, 13Mg-ATP
solution, 2.5 mM DTT, 100 nM human E1, 2.5 mM human E2 (Ubiquitin-
conjugating enzyme H5c [UbcH5c]), 1 mg FLAG-ubiquitin, and 1 unit of in-
organic pyrophosphatase (Sigma-Aldrich) at 37°C for 8 h. Proteins were
separated on a 4% to 15% (w/v) gradient SDS-PAGE gel (Bio-Rad) under
nonreducing conditions. Immunodetection was carried out using anti-FLAG-
specific antibody (Sigma-Aldrich) as described above.

Cell-Free Degradation Assay

Cell-free protein extracts were prepared from 7-d-old wild-type, bts-1, and
bts-1/ProBTS::BTSDHHE-GFP (bts-1/BBDHG) seedlings as previously described
(Wang et al., 2009). Myc-tagged bHLH transcription factors (ILR3, bHLH104,
bHLH115, and PYE) were in vitro translated and purified using anti-Myc
affinity resin (Sigma-Aldrich). For the 26S proteasome-mediated degradation
assay, Myc-tagged ILR3 (0.1 mg per lane), bHLH104 (0.18 mg per lane),
bHLH115 (0.25 mg per lane), and PYE (0.21 mg per lane) protein were incu-
bated with cell-free protein extracts (100 mg per lane). Reactions were carried
out with 160 mM MG132 (in dimethyl sulfoxide) or without MG132 (dimethyl
sulfoxide only) at 22°C for 8 h followed by separation on 10% (w/v) SDS-
PAGE gel. Immunodetection was carried out using anti-Myc antibody as
described above.

Statistical Analysis

All statistical significance was determined using one-way ANOVA
(P , 0.001) followed by a Tukey-Kramer test (P , 0.05).

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers PYE (At3g47640), ILR3 (At5g54680),
bHLH104 (At4g14410), bHLH115 (At1g51070), and BTS (At3g18290).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. GUS activity in wild-type (Col-0) plant.

Supplemental Figure S2. Location of BTS T-DNA knockdown alleles.
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Supplemental Figure S3. Root growth, rhizosphere acidification, and
shoot and root iron content in bts alleles.

Supplemental Figure S4. Localization of BTS, PYE, and PYEL proteins in
nucleus.

Supplemental Figure S5. Schematic diagram representing BTS protein.

Supplemental Figure S6. Lack of PYE and PYEL homodimer formation.

Supplemental Figure S7. Relative expression of ILR3-GFP and bHLH115-
GFP in roots.

Supplemental Figure S8. In vivo and in vitro stability of BTS protein in the
presence of iron.

Supplemental Figure S9. Rhizosphere acidification of bts-1 mutant lines
complemented with BBG and BBDHG.

Supplemental Table S1. List of primers used in this study.
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5’UTR 3’UTR Promoter 

ATG 

Supplemental Figure  S2. Location of BTS T-DNA knockdown alleles. Schematic 
diagram representing position of T-DNA insertions of bts alleles.  

Supplemental Figure S2 

A B C D 

cauline rosette 

Supplemental Figure S1 

Supplemental Figure S1. GUS activity in wild-type (Col-0) plant. A-D, No GUS expression 
observed in leaves (A), flower (B), mature green silique (C), and mature embryo. Bars = 5 
mm (B and C), 2 mm (D).  



 

63 

 

Supplemental Figure S3. Root growth, rhizosphere acidification, and shoot and root iron 
content in bts alleles. A, Root growth of 11-d-old seedlings grown on +Fe media for 4 d and 
then transferred to ±Fe media for 7 d (4 d +Fe and 7 d ±Fe). B, Rhizosphere acidification 
of 8-d-old seedlings grown on +Fe media (4 d +Fe, 3 d +Fe, and 1 d bromocresol purple). 
Eight plants per genotype were grouped on bromoscresol purple agar media. Results shown 
represent four independent assays. C, Iron content in shoot and root tissues of 10-d-old 
wild-type (WT) and bts-1 seedlings grown on ±Fe media (7 d +Fe and 3 d ±Fe). Shoots 
were washed with deionized water and roots were first desorbed with 2mM CaSO4 
and10mM EDTA, and then rinsed with deionized water. The elemental analysis were 
performed by ICP-OES. Error bars indicates ±SE of the mean (n = 3). FW, Fresh weight. 
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Supplemental Figure S4 

Supplemental Figure S4. Localization of BTS, PYE and PYEL proteins in nucleus.  
A, EGFP-tagged BTS, PYE, bHLH104, and bHLH115 were transiently express in RFP-
Histone2B (nuclear marker) transgenic N. benthamiana leaves. TaqRFP-ILR3 was expressed 
in wild-type (WT) N. benthamiana leaves. EGFP, RFP and EGFP/RFP overlay images are 
shown. B, Localization of BTS domains and deletion fragments. EGFP-tagged BTSΔHHE, 
BTSHHE, and BTS ΔE3 were transiently express in WT N. benthamiana leaves. EGFP and 
EGFP/Bright Field (BF) overlay images are shown. Red arrow points nucleus and nuclear 
localized protein. Results are representative of three independent experiments. Bars = 20 
μm.  
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BTS 

BTSΔHHE 

BTSΔE3 

BTSHHE 

BTSE3 

HHE1 HHE2 HHE3 CHY E3 Z-R 

Supplemental Figure S5. Schematic diagram representing BTS protein. The protein 
structure is predicted by CD-Search 
(http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml.), BTS is predicted to contain three 
putative iron-binding HHE domains (HHE157-183 aa, HHE2316-445 aa and HHE3666-824 aa), 
CHY-type Zn-finger (CHY1006-1083 aa ), a RING1135-1180 aa (E3 ligase) domain and putative 
Zn-Ribbon (Z-R1180-1240 aa) domain. The BTS derivatives (domains and deletion proteins) 
used for the various biochemical and molecular analysis are shown below the full-length 
BTS protein structure.   
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Supplemental Figure S7. Relative expression of ILR3-GFP and bHLH115-GFP in roots.  
6-d-old seedlings of wild-type (WT) and bts-1 mutant expressing ProILR3::ILR3-GFP and 
Pro115::115-GFP transgenes, respectively, were grown on +Fe media for 4 d and then 
transferred to ± Fe media for 2 d (4 d +Fe and 2 d ±Fe). Error bars indicate ± SE of the 
mean (n = 4), and columns with different letters are significantly different from each other 
(p<0.05). 
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Supplemental Figure S6. Lack of PYE and PYEL homodimer formation. BiFC assay for in 
planta interactions between indicated proteins in the leaf epidermal cells of RFP-Histone2B 
(nuclear marker) transgenic N. benthamiana plants. EYFP/RFP overlay images are shown. 
Absence of EYFP fluorescence indicates no interaction between indicated proteins. Results 
are representative of three independent experiments. Bars = 20 μm.  
 

Supplemental Figure S6 

nEYFP-PYE + 
cEYFP-PYE 

nEYFP-ILR3 + 
cEYFP-ILR3 

nEYFP-104 + 
cEYFP-104 

nEYFP-115 + 
cEYFP-115 



 

67 

 

Supplemental Figure S8 

Supplemental Figure  S8. In vivo and in vitro stability of BTS protein in the presence of 
iron. A, In planta stability of BTS-GFP protein in iron deficient vs sufficient condition. Protein 
was transiently expressed using the constitutive 35S promoter in RFP-Histone2B transgenic 
N. benthamiana leaves (red nucleus) under iron deficient and sufficient conditions  (by 
infiltrating either 400 µM DFO) and 400 µM ferric ammonium citrate (FAC) respectively, 
along with agrobacterium infiltration, and visualized by confocal microscopy. The confocal 
microscope settings were kept same as in Supplemental Fig. S4A  to capture the images in 
order to compare the BTS-EGFP signals due to differential iron treatment. Results are 
representative of two independent experiments. Bars = 20 μm.  
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Supplemental Figure S8 

B 

Amido Black 

Control ++ -Fe 

αBTS  
(3xHA-BTS)  

250 kD 

150 

100 

     0 50 100 200 400 

FAC (µM) 

αBTS  (3xHA-BTS) 

Amido Black 

150 kD 

Supplemental Figure  S8. In vivo and in vitro stability of BTS protein in the presence of 
iron. B, BTS protein stability is affected by ferric iron (Ferric ammonium citrate, FAC), but not 
by ferrous iron-chelator (DFO) and 100 µM MG132 (26S proteasomal inhibitor) during in 
vitro translation using wheat germ extract. Iron does not affect in vitro translation and 
stability of PYE and PYEL proteins in Fe deficient (400 μM DFO, and 400 μM Ferrozine) and 
sufficient Fe [ferrous iron, Fe(II)-Ascorbate, or ferric iron, 400 μM FAC] conditions. Amido 
black staining represents equal amount of in vitro protein translation loaded per lane. 

Control 

αBTS (3xHA-BTS) 

-Fe ++Fe -Fe 

αBTS (3xHA-BTSΔHHE) 

Amido Black 

Amido Black 

250 kD 

150 

100 

75 

50 

αMyc 
(Myc-ILR3) 

αMyc  
(Myc-bHLH104) 

αMyc  
(Myc-bHLH115) 

αMyc  
(Myc-PYE) 

Amido Black 

25 

37 

25 

25 

37 

25 

Amido Black 

Amido Black 

Amido Black 

37 kD 

25 

Myc-ILR3 -104 -105 -PYE 
Fe(II)-Ascorbate (12 µM)  

αMyc 

Amido Black 

37 kD 

25 

Myc-ILR3 -104 -105 -PYE 

αMyc 

Amido Black 

Fe(II)-Ascorbate (0 µM)  



 

69 

 

FBXL5 HHE    6 EEVDVFTAPHWRMKQLVGLYCDKLSKTNFS-NNNDFRALLQSLYATFKEFKMHEQIENEY 
  BTS HHE1   53 SPILIFLFFHKAVCSEL-EALHRLALEFATGHHVDLRLLRERYRFLRSIYKHHCNAEDEV 
  BTS HHE2  313 HPVDEIKLWHKSINKEMKEIADEARKIQLSGDFSDLSAFDERLQYIAEVCIFHSLAEDKI 
  BTS HHE3  661 RPVATIFKFHKAISKDL-EFLDVESGKLIDCDGTFIRQFIGRFHLLWGFYKAHSNAEDDI 
  
  FBXL5 HHE  65 IIGLLQQR--------SQTIYNVHSDNKLSEMLS-LFEKGLKNVKNEYEQL--------- 
  BTS HHE1  112 IFSALDIR--VKNVAQTYSLEHKGESNLFDH----LFE--LLNSATETDES--------- 
  BTS HHE2  373 IFPAVDGE-------FSFSEEHDEEENQFNEFRC-LIE-NIKSAGASSTSAA-------- 
  BTS HHE3  720 LFPALESKETLHNVSHSYTLDHKQEEKLFGDIYSVLTELSILHEKLQSDSMMEDIAQTDT 
  
  FBXL5 HHE 107 ----------N-----YAKQLKERLEAFTRDFLPHMKEEEEVFQPMLMEYFT 
  BTS HHE1  155 ----------------YRRELARSTGALQTSVSQHLAKEQKQVFPLL----- 
  BTS HHE2  416 ---------------EFYTKLCSHADQIMETIQRHFHNEEIQVLPLARKNFS 
  BTS HHE3  780 VRTDIDNGDCNKKYNELATKLQGMCKSIKITLDQHIFLEELELWPLF----- 

FBXL5 HHE   6 EEVDVFTAPHWRMKQLVGLYCDKLSKTNFS-NNNDFRALLQSLYATFKEFKMHEQIENEY 
C 

Supplemental Figure  S8. In vivo and in vitro stability of BTS protein in the presence of 
iron. C, Alignment of mammalian FBXL5 and A. thaliana BTS HHE domains. Amino acids in 
black are identical. Glutamic acid (E) in bold red corresponds to single substitution E61A in 
FBXL5, which has been shown to eliminate iron-binding activity (Salahudeen et al., 2009) 
and used as reference to design BTS single substitutions, E108A, E369A and E716A, in 
HHE1, HHE2 and HHE3 domains respectively. Alignment created using Geneious 7.1.4 
created by Biomatters. available from  http://www.geneious.com. D, In vitro translation of 
3xHA-tagged BTS, single amino acid substitutions (E108A, E369A and E416A) and triple 
amino acid substitution (Ex3A) BTS proteins were performed in presence of 400 μM DFO, 
and 400 μM  FAC. Proteins were immunodetected using anti-BTS antibody. Amido Black 
staining indicates equal amount of wheat germ extract were loaded from in vitro protein 
translations. Results shown represent two independent assays.  
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Supplemental Figure S8 

Supplemental Figure  S8. In vivo and in vitro stability of BTS protein in the presence of 
iron. E, Stability of BTSΔHHE protein as compared to BTS protein in roots. Total protein 
extracted from 7-d-old (4 d +Fe and 3 d ±Fe) bts-1 seedlings expressing ProBTS::BTS-
GFP (BBG) and ProBTS::BTS ΔHHE-GFP (BBΔHG). Coomassie Brilliant Blue R250 (CBB) 
staining shows equal loading of protein. F, BTSΔHHE-GFP protein localization to the nucleus 
and cytoplasm in A. thaliana  roots. Sub-cellular organelle fractionation was performed using 
sucrose-percoll discontinuous density gradient method from 7-d-old (4 d +Fe and 3 d -Fe) 
bts-1 seedlings expressing ProBTS::BTS-GFP (BBG) and ProBTS::BTS ΔHHE-GFP 
(BBΔHG). The immunoblots were re-probed with antibodies against nuclear (Histone 3) and 
cytoplasmic (cAscorbate Peroxidase, cAPX) protein to check purity of sub-cellular fractions.   
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Supplemental Figure S9. Rhizosphere acidification of bts-1 mutant lines 
complemented with BBG and BBΔHG. 8-d-old seedlings of bts-1/ProBTS::BTS-
GFP (BBG) and bts-1/ProBTS::BTSΔHHE-GFP (BBΔHG) were grown on +Fe media 
(4 d +Fe, 3 d +Fe and 1 d bromocresol purple). Eight plants per genotype were 
grouped on bromocresol purple agar medium. Results shown represent four 
independent assays. 
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Primer Name Gene 
Name 

Gene ID Purpose Sequence 

LBb1.3     genotyping ATTTTGCCGATTTCGGAAC 
bts-10L BTS At3g18290 genotyping AGAAATCTCTTCCGCGTCATC 
bts-10R BTS At3g18290 genotyping AGTAAACCTTGGAGCACATGC 
bts-12L BTS At3g18290 genotyping ATCGACATGGTGACCAGTAGC 
bts-12R BTS At3g18290 genotyping TTAGATTACGAACGGGTGCTG 
emb-2 LB1RP BTS At3g18290 genotyping GCTTCCTATTATAAATTACCAATACA 
emb-2454-2LP BTS At3g18290 genotyping CGGTCACGTGCCAACCTGGG 
emb-2454-2RP BTS At3g18290 genotyping GGCGTCGCCATTTCCCCCAA 
BTS_RT_2_F BTS At3g18290 qRT-PCR GGACTCAACACTTGATCCGAGGAG 
BTS_RT_2_R BTS At3g18290 qRT-PCR CGGGGAACATCCAAGTTCAACATCACC 
bTUB_RT_F β-tubulin At1g20010 qRT-PCR CGACAATGAAGCTCTCTACGA 
bTUB_RT_R β-tubulin At1g20010 qRT-PCR AAGTCACACCGCTCATTGTT 
BTS-MBP3_F BTS At3g18290 cloning ATGGCGACGCCGTTACCAGAT 
BTS-MBP2_R BTS At3g18290 cloning CCACTCCTGCAGGTCAGGATG 
bH115promFP_F bHLH115 At1g51070 cloning TGATTTTGGGGAAATTTTGAA 
bH115promFP_R bHLH115 At1g51070 cloning CCAAAAGTCCAAAGCCAAGA 

bH115promSP_F 
bHLH115 At1g51070 cloning GGGGACAACTTTGTATAGAAAAGTTGTT

AATCAACCAAATCCACTCTCTT 

bH115promSP_R 
bHLH115 At1g51070 cloning GGGGACTGCTTTTTTGTACAAACTTGTC

TCCTGATTCCCCGGCGGCTACT 
bH105promFP_F ILR3 At5g54680 cloning CATTGCACCGGAATCTTCTT 
bH105promFP_R ILR3 At5g54680 cloning CGGAACCCTAATTTGAAGCA 

bH105promSP_F 
ILR3 At5g54680 cloning GGGGACAACTTTGTATAGAAAAGTTGGG

GAAAGAAAAGAGAGATGGATTT 

bH105promSP_R 
ILR3 At5g54680 cloning GGGGACTGCTTTTTTGTACAAACTTGCT

CCGGAAACTTCCACCGGTGAAAA 
115_QRTGFP_LP bHLH115 At1g51070 qRT-PCR TCATGCCTCCTGCTGCTG 

115_QRTGFP_RP bHLH115 At1g51070 qRT-PCR CACCATCTAATTCAACAAGAATTG 

ILR3_QRTGFP_LP ILR3 At5g54680 qRT-PCR GCCTCCTGCTTCAGTCGATA 

ILR3_QRTGFP_RP ILR3 At5g54680 qRT-PCR TTGTGCCCATTAACATCACC 

BTS_5primeSC_L_F BTS At3g18290 cloning CACCTGAATGGCGACGCCGTTACC 
BTS-SC-R BTS At3g18290 cloning TCAGGATGAGGTTGAGCAGTCCGGG 

Supplemental Table S1. List of primers 
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ABSTRACT
BRUTUS (BTS) is a hemerythrin (HHE) domain containing E3 ligase that facilitates the degradation of
POPEYE-like (PYEL) proteins in a proteasomal-dependent manner. Deletion of BTS HHE domains enhances
BTS stability in the presence of iron and also complements loss of BTS function, suggesting that the HHE
domains are critical for protein stability but not for enzymatic function. The RING E3 domain plays an
essential role in BTS’ capacity to both interact with PYEL proteins and to act as an E3 ligase. Here we show
that removal of the RING domain does not complement loss of BTS function. We conclude that enzymatic
activity of BTS via the RING domain is essential for response to iron deficiency in plants. Further, we
analyze possible BTS domain structure evolution and predict that the combination of domains found in
BTS is specific to photosynthetic organisms, potentially indicative of a role for BTS and its orthologs in
mitigating the iron-related challenges presented by photosynthesis.

KEYWORDS
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Iron (Fe) is an essential micronutrient for many key processes
in plants. In response to iron deprivation, plants activate a
well-known series of responses that mediate iron uptake from
the surrounding rhizosphere. In most dicots these responses
include acidification of the rhizosphere, reduction of ferric iron
to ferrous iron, and subsequent uptake of ferrous iron into root
epidermal cells. Following uptake, iron is bound to various che-
lators, transported through the vasculature, and translocated
from the root to shoot and sink tissues. Two regulatory path-
ways controlled by bHLH transcription factors have been
shown to mediate these responses in Arabidopsis thaliana. The
bHLH transcription factor FIT controls the initialization of the
iron deficiency response by directly and indirectly controlling
the expression of genes involved in rhizosphere acidification,
ferric reduction, and ferrous iron uptake.1,2 The bHLH tran-
scription factor POPEYE (PYE) mediates control by directly
regulating the expression of genes involved in intercellular
transport, mitochondrial ferric reduction, and other processes.3

PYE physically interacts with PYE-like (PYEL) proteins includ-
ing bHLH104, ILR3, and bHLH115; and several PYEL proteins
directly target PYE transcriptionally.4-6 Similar to PYE, loss of
PYEL expression leads to decreased tolerance to iron defi-
ciency,5,6 suggesting that PYE and PYEL proteins may have
somewhat redundant functions. While PYE and PYEL proteins
physically interact, only PYEL proteins have been shown to
interact with a third protein, BRUTUS (BTS). BTS, similar to
PYE and PYELs, is induced transcriptionally in response to
iron deprivation.3,4 Unlike pye and pyel loss of function
mutants, bts mutants that exhibit decreased induction of BTS
expression under iron deficiency show increased tolerance to
iron deprivation.3,4 Thus, BTS and PYE/PYEL proteins act in
opposing manners to control the iron deficiency response.

BTS encodes a multi-domain protein with 3 hemerythrin
(HHE) domains and a RING domain flanked by a CHY-
type zinc finger and a zinc ribbon domain.7 The HHE
domains are left-twisted 4-a-helical bundles that, in marine
invertebrates and the mammalian iron homeostasis protein
FBXL5, provide a hydrophobic pocket wherein diiron binds
oxygen.8-10 Correspondingly, we found that the BTS HHE
domains also bind both iron and zinc.4 We expressed
recombinant GFP tagged BTS lacking all 3 of the HHE
domains (BTSDHHE) and driven by the native BTS promoter
(BBDHG) in bts-1 mutants and found that removal of the
HHE domains does not affect the ability of the truncated
protein to complement bts-1 phenotypes including root
length and iron reductase activity.4 Moreover, while full-
length recombinant BTS synthesized by in vitro translation
using a wheat germ system exhibits decreased stability in
the presence of increasing concentrations of soluble iron,9

recombinant BTSDHHE protein maintains stability regardless
of iron concentration.4 We also observed enhanced accumu-
lation of BTSDHHE protein in planta by analyzing transgenic
bts-1 mutants transformed with either BBG (pBTS::BTS-
GFP) or BBDHG (pBTS:: BTSDHHE-GFP) constructs. These
findings suggest that the presence of the HHE domains con-
fers protein instability upon binding of iron.

The presence of an E3 RING-H2 domain near the C-
terminus of BTS suggested that BTS may act as an E3 ligase.
E3 ligases catalyze the final step in the ubiquitination of an
interacting E3 substrate. Ubiquitination targets proteins for
degradation via the 26S proteasome. Initially, ubiquitin is acti-
vated by ATP and transferred via a ubiquitin-activating enzyme
(E1) to a ubiquitin-conjugating enzyme (E2), generating E2
thioesterified with ubiquitin (E2-Ub).11,12 Ubiquitin-ligating
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enzymes (E3), including members of the RING H2 family, bind
both a targeting substrate and E2-Ub and facilitate the transfer
of the ubiquitin from the E2-Ub to the substrate. RING
domains alone purified from diverse enzymes have been shown
to demonstrate intrinsic E3 ligase activity in the presence of a
conjugating E1, E2, ubiquitin, and ATP.12,13

We have shown that full length in vitro translated and purified
BTS protein exhibits E3 ligase capacity.4 We also showed that this
E3 capacity is able to affect the stability of 2 BTS targets – the
PYEL proteins ILR3 and bHLH115.4 Strikingly, deletion of the
BTS HHE region confers apparent increased E3 ligase functional-
ity in vitro and enhanced ability to facilitate the degradation of
PYEL proteins in cell free degradation assays due to increased pro-
tein stability.4 These findings indicate that the BTS HHE domains
play a critical role in the stability of the protein, which increases
the accumulation of BTS and therefore E3 activity in vitro. How-
ever, the role of the E3 domain alone in mediating iron deficiency
responses and protein stability has not yet been explored.

Here, to further explore the role of the BTS E3 domain,
we expressed recombinant GFP tagged BTS lacking the E3
domain (BTSDE3) and driven by the native BTS promoter
(BBDEG) in bts-1 mutants. We first identified several bts-1
mutant lines expressing BBDEG and chose to focus on line
6-1 with expression at levels most comparable to previously
published lines expressing full length BTS (BBG 1-2) and
BTS lacking the HHE domains (BBDHG 3-3) (Fig. 1A).4

We used confocal analysis to confirm that structurally via-
ble protein is produced and to identify any effects on stabil-
ity. Accumulation of the BTSDE3 protein is similar to that of
full length BTS; both proteins accumulate minimally even
under iron deficiency in contrast to the previously pub-
lished more stable BTSDHHE protein (Fig. 1B). These find-
ings indicate that while the HHE domains facilitate
degradation of BTS protein, the E3 domain does not appear
to play a critical role in BTS stability.

Next, we examined the capacity of the BBDEG construct to
complement bts-1 mutant phenotypes. We found that, unlike full
length BTS and BBDHG, expression of BBDEG in a bts-1 mutant
background results in root length (Fig. 2A, C) and iron reductase
activity (Fig. 2B) not significantly different from that of the bts-1
mutant under iron deficiency, indicating that the BTSDE3 protein
is not functional in fulfilling BTS’ typical iron homeostasis roles.
The presence of the BTS E3 RING domain is therefore critical for
BTS’ ability to repress several classical responses to iron deficiency.
Since loss of the E3 domain inhibits the ability of BTS to facilitate
ubiquitin formation in vitro and to interact with the target proteins
ILR3 and bHLH115,4 the primary role of the BTS E3 domain is
likely to facilitate the ubiquitination and subsequent degradation
of target substrates independent of the function of the HHE
domains. This provides further evidence that the overall physio-
logical differences seen in the bts-1mutant are indicative of its nor-
mal role in finely tuning the iron deficiency response, dependent
on a functioning E3 ligase domain. Though some direct targets of
BTS E3 ligase activity have been identified,4 the link between these
targets and the phenotypic outputs of the bts-1mutant is yet to be
illuminated.

The BTS ortholog HRZ1 in Oryza sativa has been shown to
play a similar role to BTS in iron deficiency.14 Conserved domain
architecture is likely to indicate both common functionality and

evolutionary descent.15 We were therefore interested in exploring
the taxonomic distribution of other proteins similar to BTS in an
effort to infer both further functionality of the individual
domains and potential evolutionary implications of their compo-
sition. For a broad overview, the Simple Modular Architecture
Research Tool (SMART) was used to determine that the specific
domain structure of BTS (3 HHE, one zinc finger CHY, one E3

Figure 1. Expression and stability of BTS and BTS deletion constructs. (A) Relative
BTS expression in root tissue of 7 day old seedlings (4 d CFe, 3 d -Fe). Error bars
indicate §SE (n D 3) and columns with different letters are significantly different
from each other (ANOVA followed by Tukey-Kramer, p < 0.05). (B) Confocal
microscopy images of roots of 7 day old bts-1 seedlings (4 d CFe, 3 d -Fe) express-
ing pBTS::BTS-GFP (BBG), pBTS::BTSDHHE-GFP (BBDHG), and pBTS::BTSDE3-GFP
stained with propidium iodide (red). Scale bars D 50 mm. Results shown represent
at least 3 independent assays.
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RING, and one zinc ribbon domain) is present only in proteins
from plant species.16,17 In order to confirm and expand on this
observation, sequences with significant similarity to the full
BTS amino acid sequence were analyzed based on domain
structure (Fig. 3A). All BTS orthologs in species ranging from
protozoa to animals contain RING, CHY, and zinc ribbon
domains, or derivative sequences thereof. Indeed, the C-termi-
nus of BTS aligns closely to the key cell cycle regulator Pirh2
(RCHY1) in Homo sapiens and its animal homologs
(Fig. 3B).18,19 The combination of one or more HHE domains
with the CHY-RING structure, however, only appears in pho-
tosynthetic organisms – mainly green algae and land plants
but also in 3 species of red algae (Fig. 3A). It is clear that this
combination is of evolutionary importance for plant species
since it has appeared early and persisted throughout the evolu-
tion of plants. In fact, transcript coding for the BTS ortholog
in Chlamydomonas reinhardtii (Cre05.g248550) is induced
under iron deficiency, indicating a conserved role for BTS’
plant orthologs in iron deficiency.20 Iron deficiency is a signifi-
cant issue for photosynthetic organisms in particular because
of the requirement for iron in chlorophyll biosynthesis and the
photosynthetic electron transport chain. BTS orthologs may
have evolved as a multifunctional mechanism both to detect
and respond to changes in iron availability through regulating
the degradation of target proteins.

The evolutionary origin of plant HHE domains is difficult to
trace beyond photosynthetic organisms. Other examples of HHE
domains are found primarily in prokaryotes and invertebrates
and in the mammalian F-box and leucine-rich repeat protein5
(FBXL5) family of proteins.16,17,21 BTS is commonly compared
to FBXL5 due to key conserved amino acids and some functional
similarity in iron regulation.4,14,22,23 FBXL5 acts with the E3
ligase RBXI as a part of an SCF complex to degrade the iron reg-
ulatory protein IRP2.9,10,24 BTS therefore effectively combines
the activity of 2 mammalian proteins as domains in one protein.
Despite these similarities, the HHE domains of BTS differ signifi-
cantly from the FBXL5 HHE domain, sharing at most 20% iden-
tity. The iron-dependent regulation of FBXL5 and BTS is also
different – FBXL5 is degraded in the absence of iron and BTS is
degraded in the presence of iron.4,9 Additionally, the RING E3
domain of BTS is more similar to that of Pirh2 (44% identity)
than to that of the SCF E3 ligase RBX1 (27%). The CHY domain
of Pirh2 and BTS orthologs are also remarkably similar (46%),
suggesting some unidentified but important functionality. In ani-
mals, the CHY domain is not required for binding or ubiquiti-
nating the Pirh2 substrate p53, but may contribute to optimal
activity.25 Interestingly, the Pirh2 amino acids that are predicted
to interact with its target p53 (249-256)25 are almost completely
different in BTS (Fig. 3B), indicating that BTS may interact with
a different set of target proteins (including the known PYEL pro-
teins4). The high similarity of the C-terminus of BTS to the full
amino acid sequence of Pirh2 grants more explanation to the
unexpected complementation of bts-1 by BTSDHHE,

4 a truncated
protein lacking the entire HHE region of BTS. This BTSDHHE

protein resembles full Pirh2 in sequence and appears fully func-
tional. Based on these analyses, BTS seems more structurally and
perhaps functionally similar to Pirh2 than to FBXL5. The HHE
domains are likely an evolutionary addition that grant more pre-
cise and adaptable control of a conserved regulatory mechanism.

Figure 2. Complementation of bts-1 mutant phenotypes with BTS and BTS dele-
tion constructs. (A) Root length of 11 day old seedlings (4 d CFe, 7 d C/-Fe). Error
bars indicate §SE (n D 32) and columns with different letters are significantly dif-
ferent from each other (ANOVA followed by Tukey-Kramer, p < 0.05). (B) Iron
reductase activity of 10 day old seedlings (7 d CFe, 3 d C/-Fe). Error bars indicate
§SE (n D 4) and columns with different letters are significantly different from
each other (ANOVA followed by Tukey-Kramer, p<0.05). (C) Image of root length
of 14 day old seedlings (4 d CFe, 10 d -Fe).
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Further examination of the BTS CHY, RING, and zinc ribbon
regions in relation to the well-studied Pirh2 protein may help to
highlight commonalities and divergent functionality between
Pirh2 and the BTS family of plant proteins.

Materials and methods

Plant lines and growth conditions

Mutant bts-1 plants and BBG, BBDHG, and BBDEG lines as
well as growth conditions, experimental setup, and statistics
for all phenotypic assays were as previously described.3,4

Expression analysis

Total RNA was extracted from the root tissue of 7 day old
seedlings (4 d CFe, 3 d -Fe) using the GeneJET Plant RNA
Purification Mini Kit (Thermo Scientific). cDNA was syn-
thesized using the SuperScript III First-Strand Synthesis
System (Life Technologies). Quantitative Real-Time PCR
was conducted using iTaq Universal SYBR Green Supermix
(Bio-Rad) and the StepOnePlus Real-Time PCR System
(Applied Biosystems). Relative expression was calculated
using the comparitive CT method normalized to b-tubulin
using the primers:

Figure 3. The complete BTS protein domain architecture is observed only in photosynthetic organisms. (A) Phylogenetic tree is composed of species containing protein
sequences that align significantly to BTS. Color indicates photosynthetic (green) and non-photosynthetic (gray) species. Symbols beside species name indicate domain
composition of the BTS ortholog(s) in that species. The square(s) indicate presence of HHE domain(s) and the triangle indicates presence of CHY, RING, and zinc ribbon
domains. Nodes are collapsed (e.g. Fungi) if the majority of contained species have the same protein structure. Domains were predicted using Pfam7 and SMART16,17
domain analysis; derivative structures not fitting algorithm criteria may be present. (B) Alignment of the C-terminus of BTS to full Pirh2 amino acid sequence. Conserved
amino acids are colored black and domain regions are indicated with black labels. Zinc coordinating amino acids (all conserved) are colored red and Pirh2 amino acids
that interact with p53 are underlined in red.
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BTS_RT_F (GGACTCAACACTTGATCCGAGGAG)
BTS_RT_R (CGGGGAACATCCAAGTTCAACATCACC)
bTUB_RT_F (CGACAATGAAGCTCTCTACGA)
bTUB_RT_R (AAGTCACACCGCTCATTGTT)

Confocal microscopy

Seven day old seedlings (4 d CFe, 3 d -Fe) were imaged with a
Zeiss LSM 710 microscope using 10 mM propidium iodide to
visualize cell walls.

Phylogenetic tree

Sequences were selected using NCBI BLASTP 2.3.1C26 with all
non-redundant GenBank CDS translationsCPDBCSwis-
sProtCPIRCPRF excluding environmental samples from WGS
projects as of May 2016, using the BTS amino acid sequence and E
value of less than 1e-20. Domains were predicted using Pfam7 and
SMART.16,17 Domain classification for the closest BTS ortholog
per species was used to color the phylogenetic tree, assembled using
NCBI Common Tree27,28 and visualized using EvolView.29
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CHAPTER 5 

The E3 ligase, BRUTUS, facilitates degradation of VOZ1/2 transcription factors. 
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ABSTRACT 

BRUTUS (BTS) is an iron binding E3 ligase that interacts with several bHLH transcription 

factors to modulate the iron deficiency response in Arabidopsis thaliana. Upon binding, BTS 

facilitates the ubiquitination and subsequent degradation of these regulators via 26S 

proteasome-mediated degradation. Vascular Plant One-Zinc finger 1 (VOZ1) and VOZ2 are 

NAC domain transcription factors that negatively regulate drought and cold stress responses 

in plants. They have been shown to interact with phytochrome B, translocate to the nucleus, 

and be subjected to 26S proteasome-mediated degradation. However, the mechanism that 

initializes this degradation is unknown. Here we show that BTS interacts with VOZ1 and 

VOZ2 and that the presence of the BTS E3 ligase domain is essential for these interactions. 

Through cell-free degradation and immunodetection analyses, we demonstrate that BTS 

facilitates the degradation of VOZ1/2 protein in the nucleus particularly under drought and 

cold stress conditions. In addition to its known role in controlling the iron deficiency 

response in plants, here we report that BTS plays a role in drought and possibly other abiotic 

stress responses by facilitating the degradation of transcription factors VOZ1/2. 
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INTRODUCTION 

Ubiquitin-mediated degradation is one of the most prevalent and essential mechanisms by 

which eukaryotic cells control growth, development, and stress response (Kraft et al., 2005; 

Stone et al., 2005). This multistep process involves three key enzymes: E1, E2, and E3. 

Initialization of ubiquitination requires ATP-dependent activation of the 76-amino acid 

ubiquitin protein by a ubiquitin activating enzyme (E1), followed by transfer of the activated 

ubiquitin to a ubiquitin conjugating enzyme (E2). A ubiquitin ligating (E3) enzyme then 

transfers ubiquitin from the E2-ubiquitin intermediate to a Lys residue on the target substrate. 

Polyubiquitination of a target protein specifically at Lys-48 leads to protein degradation by 

the 26S proteasome (Santner & Estelle, 2010; Lee & Kim, 2011). In Arabidopsis thaliana, 

the most abundant E3 enzymes are RING (Really Interesting New Gene) E3 ligases. RING 

E3 proteins bind to the E2-ubiquitin intermediate as well as the target protein, either directly 

or as part of a complex, in order to facilitate ubiquitination. Thus, E3 ligases are primarily 

responsible for target recognition and specificity (Santner & Estelle, 2010; Lee & Kim, 

2011). 

  Previously, we identified BRUTUS (BTS), a unique RING E3 ligase that plays a 

major role in controlling iron deficiency (-Fe) responses (Long et al., 2010; Selote et al., 

2015; Matthiadis & Long, 2016). BTS is a member of the RING H2 family of E3 ligases 

(Stone et al., 2005) and is transcriptionally induced within hours of exposure to iron 

deficiency (Long et al., 2010; Kobayashi et al., 2013). Loss of BTS transcriptional induction 

leads to increased tolerance to iron deficiency as evidenced by activation of the classical 

response to iron deficiency including increased rhizosphere acidification, iron reductase 
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activity, and overall root and shoot growth. BTS is thought to control this response by 

binding with and affecting the accumulation of ILR3 and bHLH115, two bHLH transcription 

factors that are associated with the iron deficiency response (Long et al., 2010; Selote et al., 

2015). ILR3 is suggested to be involved in controlling the expression of genes regulating 

translocation of metal nutrients by indirectly modulating IAA-conjugate hydrolysis (Rampey 

et al., 2006). A recent study has also indicated that a bHLH104/ILR3 complex binds the 

promoter of PYE and Ib subgroup bHLH genes to modulate iron homeostasis. Moreover, loss 

of ILR3 function in combination with bhlh104 and bhlh34 mutants additively leads to altered 

molecular and physical responses to iron deficiency (Zhang et al., 2015; Li et al., 2016). 

Although the precise function of bHLH115 is unclear, ILR3 and bHLH115 have also been 

shown to interact with other bHLH transcription factors, bHLH104 and PYE, which are 

involved in maintaining iron homeostasis in A. thaliana, rice and apple (Selote et al., 2015; 

Zhang et al., 2015; Li et al., 2016; Zhao et al., 2016). We have shown that BTS has E3 ligase 

capacity and that loss of BTS function leads to increased accumulation of both bHLH115 and 

ILR3 in an MG132 dependent manner. Thus, BTS likely facilitates the polyubiquitination 

and subsequent degradation of ILR3 and bHLH115.  

  In addition to a RING E3 H2 domain, BTS also encodes three hemerythrin (HHE) 

domains as well as a CHY-type zinc finger and a zinc ribbon domain. In marine invertebrate 

and mammalian cells HHE domains are left-twisted alpha helix bundles that form 

hydrophobic pockets for diiron bound to oxygen (Shu et al., 2012). We found that BTS binds 

iron through these HHE domains, specifically through conserved glutamate (Glu) residues 

(Selote et al., 2015) similar to the HHE domain of mammalian protein FBXL5 (Salahudeen 
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et al., 2009). Removal of all three BTS HHE domains leads to increased stability and 

subsequent activity of BTS in the presence of iron (Selote et al., 2015). In contrast, removal 

of the BTS E3 domain confers loss of BTS function as evidenced by the inability of BTSΔE3-

GFP to complement bts-1 mutant associated iron deficiency phenotypes (Matthiadis & Long, 

2016). Thus, the E3 domain is required for enzymatic activity while the HHE domains play a 

key role in BTS’ iron dependent destabilization. Since BTS expression increases 

transcriptionally and post-transcriptionally in the absence of iron, it is likely that BTS acts as 

an iron sensor that represses the activity of transcription factors involved in the iron 

deficiency response (Selote et al., 2015; Matthiadis & Long, 2016). It is thought that this 

activity thereby fine-tunes the iron deficiency response in order to prevent excess iron 

accumulation, which could otherwise lead to oxidative stress due to the formation of 

damaging reactive oxygen species. 

  In addition to its role in the iron deficiency response, there is evidence that BTS 

might play a role in other processes. BTS is constitutively expressed in A. thaliana shoots and 

reproductive tissues. Decreased BTS expression leads to increased iron and zinc content in 

seeds, correlated with increased seed lethality, and some bts mutant alleles are embryo lethal 

(McElver et al., 2001; Tzafrir et al., 2004; Selote et al., 2015). Moreover, LjnsRING, a BTS 

homolog identified in the model legume Lotus japonicus, was shown to be involved in 

nodulation. (Shimomura et al., 2006). In an effort to explore potential new roles for BTS 

beyond iron homeostasis, we looked to other known interacting partners of BTS identified 

through Yeast-2-Hybrid analysis (Long et al., 2010). Here, we focus specifically on the 

interaction between BTS and VOZ2 using a second BTS interactor, IMPa-4, as a control. 
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Given the redundant functionality of VOZ2 and related protein VOZ1, we extended these 

analyses to include VOZ1 as well (Yasui et al., 2012; Nakai et al., 2013a,b). Vascular plant 

One-Zinc finger1/2 (VOZ1/2) are homologous DNA binding zinc finger transcription factors 

that are members of the NAC subgroup VIII-2. VOZ1/2 have been shown to be 

transcriptional regulators that repress tolerance to abiotic stress conditions such as cold and 

drought, yet activate response to fungal and bacterial infection (Nakai et al., 2013a,b). In 

addition to these roles in stress response, VOZ1/2 have also been shown to play essential 

roles in the transition from juvenile to flowering in A. thaliana downstream of their 

interaction with phytochrome B (phyB) (Yasui et al., 2012). VOZ1/2 are primarily localized 

in the cytoplasm, but translocation to the nucleus is required for VOZ2 functionality (Yasui 

et al., 2012). A recent study also shows that VOZ2 is localized to both the nuclei and as well 

as cytosolic stress granules in response to heat stress (Koguchi et al., 2017), indicating that 

any nuclear localization is tightly regulated. Once in the nucleus, VOZ1/2 negatively regulate 

the MADS-box transcription factor FLOWERING LOCUS C (FLC) and paralogous MADS 

AFFECTING FLOWERING (MAF) clade members, indirectly leading to upregulation of 

FLOWERING LOCUS T (FT) (Yasui et al., 2012; Yasui & Kohchi, 2014). Consistently, loss 

of VOZ1/2 activity results in increased number of rosette leaves, delayed bolting, and defects 

in flowering, pollen development, and silique formation (Yasui et al., 2012; Celesnik et al., 

2013; Yasui & Kohchi, 2014). VOZ1 is expressed and localized predominantly in the 

vascular bundles and VOZ2 is localized throughout the plant (Yasui et al., 2012). Although 

VOZ1/2 are constitutively expressed throughout development, they are transcriptionally 

repressed in response to abiotic stress such as cold and drought. Abiotic stress markers are 
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elevated in voz1voz2 mutants and repressed when VOZ2 is overexpressed, further indicating 

that VOZ can act as both a negative and positive regulator of specific stress responses (Nakai 

et al., 2013a,b).  

  In this study, we examine the subcellular localization of the BTS and VOZ1/2 

interaction and provide evidence that BTS interacts with and facilitates the degradation of 

VOZ1/2 in a 26S proteasome-dependent manner. We provide evidence that BTS 

accumulation under abiotic stress conditions negatively correlates with that of VOZ2. We 

also show that BTS overexpression results in increased drought tolerance similar to that of the 

voz1voz2 double mutant, indicating a new role for BTS in stress response. 
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RESULTS 

BTS Interacts with VOZ1/2 in the Nucleus 

We previously reported that BTS interacts with bHLH transcription factors in the nucleus. 

Therefore, we initially analyzed the subcellular localization of interactions between BTS and 

VOZ1/2. We used IMPa-4 as a control for these interaction studies because, unlike other 

characterized BTS interactors, IMPa-4 is not a transcription factor. VOZ2 was previously 

shown to be located primarily in the cytoplasm but required in the nucleus for normal 

functionality (Yasui et al., 2012). Using in planta transient expression of GFP fusions of 

VOZ1, VOZ2, and IMPa-4 proteins in N. benthamiana leaves we also found that both VOZ1 

and VOZ2 proteins are primarily localized to the cytoplasm (Fig. S1). In contrast, IMPa-4 is 

localized to the cytoplasm and nucleus while BTS is nuclear localized (Fig. S1) (Selote et al., 

2015).  

  We next performed bimolecular fluorescence complementation (BiFC) and co-

immunoprecipitation (Co-IP) assays to validate the interaction of BTS with VOZ1/2 and 

IMPa-4 proteins, previously found in a Yeast 2 Hybrid screen (Long et al., 2010). BiFC 

assays were conducted by transiently co-expressing proteins in N. benthamiana leaf 

epidermal cells. In planta, BTS interacted with VOZ1 and IMPa-4 exclusively in the nucleus, 

and with VOZ2 in both the cytoplasm and nucleus (Fig. 1a). BTS’ interactions with both 

VOZ1 and VOZ2 are dependent on the presence of the RING domain (E3 ligase), as 

evidenced by the loss of these interactions with the BTSΔE3 deletion protein (Fig. 1b). In 

contrast, BTS’ interaction with IMPa-4 does not require the E3 ligase domain (Fig. 1a, b). 

We find that removal of BTS’ HHE domains (BTSΔHHE, Fig. S2a) does not affect interaction 
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with either VOZ2 or IMPa-4 (Fig. S2b). Previously, we found that loss of BTS’ HHE 

domains (Fig. S2a) confers stability to BTS protein in the presence of iron and BTSΔHHE-GFP 

protein (bts-1/BTSp::BTSΔHHE-GFP) functionally complements bts-1 mutant phenotypes 

(Selote et al., 2015). Therefore, we use this deletion line as a more stable and functional 

version of BTS in many of the presented experimental assays.  

  The BiFC assay results were confirmed with an in vitro co-immunoprecipitation (Co-

IP) assay, wherein epitope-tagged fusions of BTS, BTSΔE3, BTSΔΗΗΕ, VOZ1, VOZ2, and 

IMPa-4 proteins were in vitro translated individually using a wheat (Triticum aestivum) germ 

extract system as previously described (Selote et al., 2015). VOZ1, VOZ2, and IMPa-4 

proteins were all co-immunoprecipitated by full length BTS (Fig. 1c, d). Co-IP of VOZ1 and 

VOZ2 with BTSΔΗΗΕ deletion protein and not with BTSΔΕ3 deletion protein further confirms 

that these interactions depend on the presence of the BTS E3 ligase domain (Fig. 1d). This 

finding suggests that, similar to the case with ILR3 and bHLH115, BTS interacts with 

VOZ1/2 and facilitates their degradation via the 26S proteasome-mediated pathway. 

Interaction with IMPa-4 could possibly facilitate nuclear import of BTS protein through the 

Importin α-β pathway (Kosugi et al., 2009) and may not be related with BTS E3 ligase 

function. 

 

VOZ1 and VOZ2 form Homo- and Hetero-dimer Complex in planta 

Previous reports suggest that VOZ1/2 proteins are primarily localized in the cytoplasm but 

move to the nucleus to participate in the phyB signal transduction pathway that regulates 

flowering (Yasui et al., 2012; Celesnik et al., 2013). In response to heat stress some VOZ2 
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molecules remain in the cytosol become associated with stress granules, while the remaining 

molecules move to the nucleus and are subsequently degraded (Koguchi et al., 2017). 

However, the mechanism by which VOZ proteins translocate to the nucleus is still unknown. 

It has been reported that VOZ2 forms dimers to bind to palindromic DNA sequence (Mitsuda 

et al., 2004). To test dimerization and nuclear localization properties, we performed BiFC 

assays to examine the interaction between VOZ1, VOZ2, and IMPa-4 proteins.  In planta, 

both VOZ1 and VOZ2 form homo-dimer complexes in the cytoplasm (Fig. S3). Voz1 and 

VOZ2 interact to form a heterodimer complex primarily in the cytoplasm (Fig. S4). 

Interestingly, VOZ2 also interacts with IMPa-4. This interaction is predominantly in the 

cytoplasm, suggesting that nuclear import of VOZ2 may be associated with IMPa-4 binding 

(Fig. S4).  

 

BTS Targets VOZ1/2 for 26S Proteasome-Mediated Degradation 

Previously, we demonstrated that BTS has RING (E3 ligase) domain-mediated ubiquitination 

capacity, specifically leading to the 26S proteasome-mediated degradation of two interacting 

bHLH proteins (Selote et al., 2015). Intriguingly, VOZ2 has previously been shown to be 

degraded via the 26S proteasome-mediated pathway, though the specific E3 ligase protein 

targeting it for this degradation remains unknown (Nakai et al., 2013a,b; Koguchi et al., 

2017). Given that BTS interacts with VOZ1 and VOZ2 through its E3 ligase domain, we 

hypothesized that BTS could also target VOZ1 and VOZ2 for 26S proteasome-mediated 

degradation. We tested BTS’ E3 ligase activity on purified recombinant VOZ1, VOZ2, and 

IMPa-4 proteins using an in vitro cell-free degradation assay as previously described (Selote 
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et al., 2015). Recombinant 6xHis-tagged VOZ1, VOZ2, and IMPa-4 proteins were purified 

using immobilized metal affinity chromatography. The purified proteins were quantified, 

equally distributed, and incubated with cell-free extracts prepared from 7-d-old seedlings 

grown under iron deficiency. Iron deficiency was used due to the fact that expression of BTS 

protein increases several fold under this condition (Long et al., 2010; Selote et al., 2015; 

Matthiadis & Long, 2016). Col-0, bts-1 and bts-1 mutant complemented with full length BTS 

(bts-1/BTSp::BTS-GFP), BTSΔE3 deletion (bts-1/BTSp::BTSΔE3-GFP), and BTSΔΗΗΕ3 deletion 

(bts-1/BTSp::BTSΔΗΗΕ-GFP) derivatives were used to prepare cell-free extracts and 

supplemented with either +MG132 (26S proteasome inhibitor) dissolved in DMSO or -

MG132 (DMSO control). After treatment, the effect of BTS on VOZ1/2 and IMPa−4 protein 

levels was assessed by immunoblot analysis. Both VOZ1 and VOZ2 protein levels remain 

unaffected when incubated with cell-free extracts of bts-1 and bts-1/BTSp::BTSΔE3-GFP, i.e., 

in the absence of functional BTS protein (Fig. 2a). Interestingly, in the presence of functional 

BTS protein, either with cell-free extracts of Col-0 or bts-1 mutant complemented with full 

length BTS or BTSΔΗΗΕ, both VOZ1 and VOZ2 proteins appear to be degraded in the 

absence of the MG132 (Fig. 2a). Levels of VOZ1 and VOZ2 protein remain unaffected when 

cell-free extracts are supplemented with MG132, lending further evidence to the involvement 

of the 26S proteasome mediated-degradation pathway in these differential protein levels. As 

a control, no change in IMPa-4 protein stability was observed in the cell-free degradation 

assay (Fig. 2a). Overall, these data provide evidence that BTS is involved in the 26S 

proteasome-mediated degradation of VOZ1 and VOZ2, but not IMPa-4, through its E3 ligase 

activity.  
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  VOZ1 and VOZ2 are reported to be expressed in both root and shoot tissue of A. 

thaliana seedlings (Mitsuda et al., 2004; Yasui et al., 2012; Nakai et al., 2013b; Celesnik et 

al., 2013) and the interaction between BTS and VOZ2 was initially discovered using a root-

specific cDNA library (Long et al., 2010). However, in light of the function of VOZ1/2 in the 

shoot, we decided to examine the effect of BTS on VOZ2 proteins in the shoot. To confirm 

that BTS affects VOZ2 in vivo, we used VOZ2 specific antibody to analyze native VOZ2 

protein levels in shoot-derived protein extracts from Col-0 and bts-1 mutant. However, we 

did not find a subsequent increase in accumulation of VOZ2 protein in the cytoplasm of bts-1 

mutant compared to Col-0 (Fig. 2b). Since BTS interacts with VOZ2 predominantly in the 

nucleus, we examined VOZ2 protein accumulation in the nuclear fraction and found that 

VOZ2 accumulation is notably elevated in bts-1 compared to Col-0 (Fig. 2b). Overall, these 

findings provide further evidence that BTS interacts with VOZ1/2 and is involved in its 26S 

proteasome-mediated degradation, specifically in the nucleus. 

 

VOZ1/2 Do Not Play a Significant Role in the Iron Deficiency Response 

VOZ1/2 control aspects of plant development including time to flowering (transition from 

vegetative to reproductive phase) and responses to multiple abiotic and biotic stress 

conditions (Mitsuda et al., 2004; Yasui et al., 2012; Nakai et al., 2013b; Celesnik et al., 

2013; Yasui & Kohchi, 2014). In the context of BTS’ role in the iron deficiency response and 

its demonstrated interaction with VOZ1/2, we speculated that VOZ1/2 may in turn play some 

role in response to iron deficiency. Except for a slight decrease in iron reductase activity, we 

found that voz1voz2 exhibited the classic iron deficiency response, including reduced root 
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growth, chlorotic shoot, and rhizosphere acidification, comparable to Col-0 seedlings (Fig. 

3a, S5). Additionally, VOZ2 transcript levels were only marginally affected by altered iron 

conditions, compared to dramatic increases in BTS expression (Fig. 3b). In contrast to 

voz1voz2 and as previously shown, bts-1 exhibits a resistant response to iron deficiency with 

longer root, greener shoot, higher rhizosphere acidification, and higher iron reductase 

phenotypes compared to Col-0 (Fig. 3a, S5) (Long et al., 2010; Selote et al., 2015). These 

findings suggest that unlike BTS, VOZ1/2 do not play a significant physiological role in the 

iron-deficiency response.  

  Previously, we reported that under iron deficiency BTS protein accumulation 

significantly increases (Selote et al., 2015).  The effect of iron deficiency mediated BTS 

protein accumulation on VOZ2 protein stability was tested in Col-0 and bts-1 mutant 

seedlings. The time-course immunoblot analysis showed the decline in VOZ2 protein level in 

the wild-type (Col-0) plants, but no effect on VOZ2 protein level was visible in bts-1 mutant 

plants (Fig. 4c). The VOZ2 protein remained stable in the +Fe grown Col-0 plants (Fig. 3c). 

To further confirm BTS mediated VOZ2 protein degradation, we performed immunoblot 

analysis to simultaneously detect both BTS and VOZ2 protein levels in bts-

1/BTSp::BTSΔHHE-GFP seedlings subjected to -Fe. Our data indicate that during -Fe, 

inadvertent degradation of VOZ2 protein appears to be due to the accumulation of BTSΔHHE-

GFP protein (Fig. 3d). 

 

Physiological Implications of BTS - VOZ1/2 interaction 

Previous reports demonstrate that VOZ1/2 transcription factors negatively regulate drought 
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and cold stress responses in A. thaliana (Nakai et al., 2013b). Both drought and cold stress 

led to 26S proteasome-mediated degradation of VOZ2 protein in plants, and voz1voz2 plants 

exhibit enhanced resistance to these stress conditions. Correspondingly, overexpression of 

VOZ2 leads to enhanced susceptibility to abiotic stresses (Nakai et al., 2013a). Based on 

these observations, we speculated that BTS may play some role in mediating responses to 

abiotic stress conditions beyond that of iron deprivation through its interactions with 

VOZ1/2.  

  In order to understand the molecular mechanism by which BTS controls stress 

response through its interaction with VOZ1/2, we examined this interplay at the transcript 

and protein level. Previously it has been reported that VOZ2 transcript levels decrease during 

drought and cold stress (Nakai et al., 2013b). Here we report increased transcription of BTS 

during drought and heat stress in shoots, but not cold stress (Fig. S6a). Transcript analysis 

also reveals significantly higher expression of BTS in voz1voz2 compared to Col-0, and 

elevated VOZ1 and VOZ2 transcript levels in bts-1 (Fig. S6b). These findings suggest a 

transcriptional feedback mechanism requiring further investigation. 

  To examine this phenomenon at the protein level, we examined the in planta turnover 

of VOZ2 and/or accumulation of BTS proteins in 9-d-old whole seedlings subjected to 

drought and cold stress conditions (Fig. 4). First, we observed a time-course decline in VOZ2 

levels due to both drought and cold stress treatment in Col-0 seedlings (Fig. 4a), similar to 

previous reports (Nakai et al., 2013b). In contrast, both stress treatments had no effect on the 

VOZ2 protein in bts-1 mutant seedlings (Fig. 4a). In order to confirm that the observed 

decline in VOZ2 protein is due to BTS E3 ligase function, we repeated this experiment by 
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subjecting 9-d-old bts-1/BTSp::BTSΔHHE-GFP seedling to drought and cold stress conditions 

followed by protein analysis. Immunoblot analysis showed increased accumulation of 

BTSΔHHE-GFP protein and concomitant decline in VOZ2 protein within 6 hours of stress 

treatment (Fig. 4b). For further confirmation, we performed drought and cold stress 

treatments using detached rosette leaves from 4-week-old bts-1/BTSp::BTSΔHHE-GFP plants, 

as previously reported (Nakai et al., 2013b). The detached rosette leaves assay exhibited 

similar results; a time course increase in BTSΔHHE-GFP protein level correlates with a 

reduction in VOZ2 protein level in response to drought and cold stress (Fig. 4c). This 

suggests the physiological significance of BTS-VOZ1/2 interactions in abiotic stress 

resistance response. 

  Based on these results, we hypothesized that an elevation in BTS expression leads to 

increased degradation of VOZ1/2, which could result in increased abiotic stress tolerance. To 

test this we overexpressed BTS-GFP using the CaMV 35S promoter. The phenotypes 

exhibited by Col-0/35Sp::BTS-GFP lines are opposite of those exhibited by bts-1 mutant. 

The BTS overexpression lines exhibited an altered phenotype compared to WT, specifically, 

reduced root length even under iron sufficiency and reduced rhizosphere acidification and 

iron reductase activity under both iron sufficiency and deficiency (Fig. S5).  

  Immunoblot analysis of cytoplasmic protein fraction revealed a substantial decrease 

in the level of VOZ2 protein in the BTS overexpression line as compared to Col-0 (Fig. 2b), 

indicating that BTS does indeed facilitate the degradation of VOZ2 protein.  

When subjected to drought stress, BTS overexpressing (Col-0/35Sp::BTS-GFP) plants 

exhibited an enhanced drought tolerance phenotype similar to voz1voz2 plants, while bts-1 
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showed a susceptible phenotype similar to Col-0 plants (Fig. 5a). When drought stressed 

plants were subjected to recovery by re-watering, only voz1voz2 and BTS overexpressing 

plants showed complete recovery within 7-d after applying water (Fig. 5b). Since voz1voz2 

and BTS overexpressing plants are smaller than Col-0 and bts-1 mutants when grown on soil, 

drought tolerance was further characterized by analyzing stomatal aperture and water-

retention capacity of detached rosette leaves in a time-course manner as previously described 

(Nakai et al., 2013b). Both voz1voz2 and BTS overexpressing leaves maintained reduced 

stomatal aperture and higher water-retention compared to Col-0 (Fig. S7a,b). Although, 

smaller plants may have a tendency to be more drought tolerant than normal plants due to 

less leaf surface area and extensive root systems, the observed high water retention capability 

of detached leaves and decreased stomatal aperture provide evidence that the elevated 

drought tolerance of voz1voz2 and BTS overexpressing lines are not only due to decreased 

overall plant size. We conclude that increased BTS likely facilitates the degradation of 

VOZ1/2 under not only iron-deficiency but other abiotic stress conditions as well. Since 

VOZ negatively regulates abiotic stress conditions such as drought and cold, the fact that the 

BTS overexpression line phenocopies the drought tolerance phenotype of the voz1voz2 

double mutant further strengthens our hypothesis that BTS regulates VOZ protein and 

controls responses to multiple abiotic stress conditions.  
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DISCUSSION 

Plants frequently need to modulate the protein levels of negative regulators via ubiquitination 

to quickly and effectively transduce related downstream signals. Previously, we have shown 

that the iron-binding E3 ligase BTS binds to and degrades several group IV bHLH 

transcription factors with known roles in the iron deficiency response, thereby modulating 

the iron deficiency response under fluctuations of iron availability (Long et al., 2010; Selote 

et al., 2015). Here, we provide evidence that BTS plays an important role in other abiotic 

stress conditions by also binding to and mediating the degradation of subgroup VIII-2 NAC 

transcription factors VOZ1/2.  

  Although VOZ1/2 are known DNA-binding transcription factors, we were only able 

to detect both predominantly in the cytosol (Fig.2b, S1), which is in agreement with other 

studies. In contrast, BTS is nuclear localized. The observed nuclear interaction between BTS 

and VOZ1/2 indicates that VOZ does indeed move into the nucleus yet the mechanism that 

controls VOZ1/2 localization to the nucleus remains unknown. Previous studies have 

proposed that VOZ2 interacts with phyB in the cytosol under far red light. phyB may tether 

VOZ2 in the cytosol, initiating its translocation to the nucleus, or it may act to facilitate 

protein modification, such as phosphorylation, which could then lead to nuclear localization 

(Yasui et al., 2012). Notably, when tagged with a nuclear localization signal, VOZ2 is 

phosphorylated and degraded in the presence of both far red light and heat (Yasui et al., 

2012; Koguchi et al., 2017). In both cases this degradation is inhibited by the presence of 

MG132. Thus, upon interacting with phyB VOZ2 appears to be translocated into the nucleus, 

phosphorylated, and subsequently degraded by the 26S proteasome. Until now, the E3 ligase 
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that facilitates this ubiquitination and 26S proteasome-mediated degradation was unknown. 

Here, we present evidence that BTS is a likely candidate for this activity. Indeed, the in vitro 

cell-free degradation assays presented in this study indicate that upon interaction with BTS in 

the nucleus, VOZ1/2 are degraded by the 26S proteasome. Moreover, loss of BTS function 

leads to increased nuclear accumulation of VOZ2. Thus, rapid turnover caused by interaction 

with BTS likely contributes to the inability to detect VOZ1/2 in the nucleus under standard 

conditions. The observation that this interaction and subsequent degradation requires the 

presence of the BTS E3 ligase domain, but not the HHE domain, supports this conclusion. 

The role of the HHE domains in controlling BTS activity is likely to be one of stabilization in 

the absence of iron. However, it is unclear what role these HHE domains may play in the 

interaction between BTS and VOZ, independent of iron. It is tempting to speculate that BTS 

may be involved in interplay or cross talk between metal stress tolerance and other abiotic 

stress conditions but this requires further study.  

  As DNA binding NAC domain transcription factors, VOZ1/2 function either directly 

or indirectly as regulators of gene expression (Yasui et al., 2012; Celesnik et al., 2013). 

VOZ1/2 are translocated from the cytosol to the nucleus in order to control target gene 

expression and interaction with BTS, which requires the BTS E3 domain, appears to 

facilitate rapid turnover in the nucleus. Such tight regulation is needed to ensure proper 

control of stress response since many known cold, drought, heat responsive genes are 

repressed by VOZ1/2. Likewise, essential flowering related genes such as FLC and 

MAF1,2,3 and 4 have been shown to be elevated in voz1voz2 mutants (Yasui et al., 2012; 

Yasui & Kohchi, 2014; Koguchi et al., 2017). Thus, rapid turnover of VOZ1/2 by BTS 
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ensures proper time to bolting and overall floral development, which likely impacts overall 

stress tolerance as well.   

  Although not a transcription factor, IMPa-4 is nuclear localized BTS interactor that is 

a member of the Importin α family. Importin α and Importin β proteins are conserved 

respective adaptor and receptor molecules that facilitate the import of NLS-containing 

proteins into the nucleus. (Gasiorowski & Dean, 2003). In Arabidopsis IMPa-4 is involved in 

Agrobacterium-mediated transformation, perhaps by affecting nuclear targeting of 

components important for transformation (Bhattacharjee et al., 2008). Consistently, the 

interaction between BTS and IMPa-4 is the only characterized BTS interaction that does not 

require the BTS E3 domain and does not lead to degradation of the target, IMPa-4. Thus, the 

mechanism and function of the BTS and IMPa-4 interaction is distinct from that of BTS’s 

other targets, and perhaps plays some function in BTS’ nuclear localization or the 

localization of BTS’ interacting proteins.  

  In light of BTS’ role in controlling iron deficiency responses and post-transcriptional 

control of VOZ1/2 protein, we hypothesized that VOZ1/2 might also play some role in the 

iron deficiency response. Instead we found that the voz1voz2 mutant exhibited phenotypes 

similar to Col-0 plants during iron deficiency. Additionally, iron deficiency had a minimal 

effect on VOZ2 expression. However, we did find a strong negative correlation between BTS 

and VOZ1/2 accumulation at the protein level in response to iron deficiency as well as other 

abiotic stress conditions including drought and cold stress. These results indicate that 

VOZ1/2 may not play a significant role in the iron deficiency response, but BTS likely plays 

an important role in other abiotic responses through inhibition of the accumulation of 
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VOZ1/2 and resulting activation of genes related to stress tolerance. Consistently, 

overexpression of BTS leads to increased tolerance to drought, similar to that seen in the 

voz1voz2 loss of function mutant. Thus, while BTS accumulates transcriptionally and post-

transcriptionally in response to multiple stresses, its specificity is determined by the 

interacting partner that could likely result in the fine tuning of stress signal transduction and 

response. In conclusion, we establish BTS as an E3 ligase protein that participates in the 

transduction of drought and cold stress tolerance signaling mechanisms in plants through its 

regulation of VOZ1/2 transcription factors.  Further studies should aim to elucidate BTS’ 

newly broadened role through the identification and characterization of additional interacting 

regulatory proteins with important roles in plant growth and development, particularly under 

environmental stress conditions.  
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MATERIALS & METHODS 

Plant Materials and Growth Conditions 

Arabidopsis thaliana ecotype Columbia (Col-0) was used as the wild-type accession for all 

experiments. The homozygous T-DNA insertion lines bts-1 (SALK_016526) and voz1voz2 

(WISCDSLOX489-492O10 and SALK_115813) were previously confirmed (Long et al., 

2010; Nakai et al., 2013b) and verified using PCR analysis (Table S1). Seed sterilization was 

performed as previously described (Long et al., 2010). For plant growth on plates, iron-

sufficient (+Fe) media was standard Murashige and Skoog (MS) medium with 0.05% (w/v) 

MES, 1% (w/v) Sucrose, 1% (w/v) agar, and 0.1 mM Fe-EDTA substituted for iron sulfate. 

Low iron medium was the same without added Fe-EDTA and iron deficient medium had no 

added Fe-EDTA and the addition of 300 mM ferrozine, an iron chelator. For all experiments 

in which seedlings were shifted from iron-sufficient (+Fe) to either sufficient (+Fe), deficient 

(–Fe), or low Fe medium, 100 µm Nitex nylon mesh (Genesee Scientific) was placed on top 

of the solid medium and seeds were placed directly on the nylon mesh. Plants were grown 

vertically on plates at 22°C under 16-h-light/8-h-dark in environmentally controlled plant 

growth chambers. Time of transfer of seedlings from +Fe to –Fe plates was dependent on 

individual experiments and listed for each assay. For drought experiments, A. thaliana plants 

were grown and propagated in Metro-Mix 360 soil (SunGro Horticulture) at 22°C under a 

16-h-light/8-h-dark in environmentally controlled growth chambers. Nicotiana benthamiana 

plants (Martin et al., 2009) were grown for 5 to 6 weeks in Metro-Mix 360 soil at 26°C under 

16-h-light/8-h-dark in environmentally controlled growth chambers. 
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Plasmid Construction 

Coding regions of VOZ1 (At1g28520), VOZ2 (At2g42400), and IMPa-4 (At1g09270), genes 

were amplified from cDNA (Col-0) and cloned into the Gateway entry vector pENTR/D-

TOPO or pDONR221. Primers are listed in Table S1. Cloning of full-length BTS and its 

truncated derivatives, BTSΔHHE and BTSΔE3, was previously described (Selote et al., 2015). 

The 35Sp::BTS-GFP clone was made by Multisite Gateway cloning technology (Life 

Technologies) by transferring the CaMV35S promoter (pDONRP4-P1R-35Sp), BTS open 

reading frame (pENTR/D-TOPO-BTS), and GFP open reading frame (pDONRP2R-P3-GFP) 

to the pGREEN binary vector derivative containing a nopaline synthase terminator with 

spectinomycin and BASTA resistance genes. This pGREEN-35S::BTS-GFP construct was 

transformed into Col-0 plants. To generate constructs for transient protein expression, coding 

regions of genes from pENTR/D-TOPO or pDONR221 clones were transferred to pSITE-

BiFC-C1cec/nec vectors (Martin et al., 2009) through Gateway cloning technology (Life 

Technologies) to generate vectors containing N-/C-terminal halves of EYFP fusions for BiFC 

assays. For protein localization studies, coding regions of genes were transferred to pSITE-

2NA/CA for N-/C-terminal EGFP fusions. These clones were introduced into Agrobacterium 

tumefaciens strain LBA4404 for transient expression of proteins in N. benthamiana leaves 

(Selote et al., 2015). To construct vectors for in vitro transcription-coupled-translation of 

protein, genes cloned into pENTR/D-TOPO or pDONR221 vectors (Selote et al., 2015) were 

transferred to Gateway-compatible vectors pIX-3xHA and pIX-GST (Arabidopsis Biological 

Resource Center) vectors, and a restriction enzyme based approach was used to clone genes 

directly into the pF3KWG(BYDV) and pFN19K HaloTag® T7 SP6 FlexiR® vectors 
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(Promega). These vectors were used for the synthesis of epitope-tagged proteins in vitro 

using the TNT SP6 High-Yield Wheat Germ Protein Expression System (Promega). For 

expression and purification of recombinant 6xHis-tagged proteins, the coding regions of 

VOZ1, VOZ2, and IMPa-4 genes were cloned into the expression vector pDEST17-6xHis 

using Gateway cloning technology (Invitrogen). The resulting vectors were introduced into 

Escherichia coli BL21 (DE3)pLysS (Life Technologies) for recombinant protein expression.  

 

Bimolecular Fluorescence Complementation (BiFC) Assay 

The split EYFP based BiFC assays were carried out as previously described (Selote et al., 

2015). Briefly, proteins were transiently coexpressed into RFP-Histone2B transgenic N. 

benthamiana plants. For the assay, A. tumefaciens LBA4404 mixtures were infiltrated using 

a 1-mL syringe without a needle into the abaxial side of 5- to 6-week-old N. benthamiana 

leaves. After 48 h of transfection, water-mounted sections of leaf tissue were examined with 

a laser scanning microscope (Zeiss LSM 710). Proteins were expressed as N-EYFP and C-

EYFP fusions, and all interactions were tested using both combinations of N-/C-EYFP-fused 

reciprocal proteins. 

 

Co-immunoprecipitation (Co-IP) Assay 

3xHA, GST, Myc, and HaloTag® fusion proteins were in vitro translated using the TNT T7 

SP6 High-Yield Wheat Germ Protein Expression System (Promega). The vectors (1 µg) 

containing respective coding regions of individual genes (as described above) were mixed 

with 50 µL of wheat germ extracts for in vitro transcription-coupled translation of proteins. 
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For Co-IP assays, 3xHA-tagged fusion proteins (50 µL of wheat germ extract reaction) were 

mixed with either GST-, Myc-, or HaloTag® fusion proteins (50 µL of wheat germ extract 

reaction), respectively, and incubated overnight at 4°C with anti-HA agarose (Sigma-

Aldrich). After Co-IP, the anti-HA affinity resins were extensively washed with phosphate 

buffered saline containing 0.1% (v/v) Tween-20. Co-IP proteins were eluted using HA-tag 

peptide and separated on 7% (w/v) SDS/PAGE gel. Proteins were immunodetected using 

anti-BTS (Selote et al. 2015), anti-GST (GenScript), anti-c-Myc (Bethyl Laboratories), and 

anti-HaloTag® (Promega) specific primary antibodies and HRP-conjugated secondary 

antibody. Blots were developed using enhanced chemiluminescence (ECL) substrate 

(Pierce). 

 

Cell Free Degradation Assay 

Cell-free protein extracts were prepared from 7-d-old Col-0, bts-1, bts-1/BTSp::BTS:GFP, 

bts-1/BTSp::BTSΔE3:GFP and bts-1/BTSp::BTSΔHHE:GFP seedlings as previously described 

(Wang et al., 2009; Selote et al., 2015). 6xHis-tagged VOZ1, VOZ2, and IMPα-4 

recombinant protein were expressed in E. coli. Cultures were grown for 2 h at 30°C 

following incubation with 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). Proteins 

were extracted in 20 mM Tris-HCl pH 7.5, 50 mM NaCl, and 5 mM imidazole and purified 

on a Bio-Scale Mini Profinity IMAC cartridge (Bio-Rad) according to manufacturer’s 

recommendations. For the 26S proteasome-mediated degradation assay, purified 6xHis-

VOZ1 (0.08 µg per lane), 6xHis-VOZ2 (0.1 µg per lane), and 6xHis- IMPa-4 (0.1 µg per 

lane) proteins were incubated with cell-free protein extracts (100 µg per lane). Reactions 
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were carried out with 160 µM MG132 (in dimethyl sulfoxide) or without MG132 (dimethyl 

sulfoxide only) at 22°C for 16 h followed by separation on 7% (w/v) SDS-PAGE gel. 

Immunodetection was carried out using anti-His antibody (Qiagen) as described above. 

 

Sub-cellular Fractionation and Western Blot Analysis 

Total protein was extracted from rosette leaves from plants grown on soil and whole 9-d-old 

seedlings grown on MS agar medium. Plant samples were ground in liquid nitrogen and 

homogenized with plant extraction buffer as described previously (Nakai et al., 2013b) with 

some modifications. The extraction buffer consisted of 0.1 M Tris–HCl pH 7.5, 0.15 M 

NaCl, 1% Triton X-100, 10 mM dithiothreitol (DTT), and plant proteinase inhibitor cocktail 

(Sigma-Aldrich). Total protein extract was collected after centrifugation at 16,000g for 15 

min at 4°C. Sub-cellular organelle fractionation was performed using unfrozen tissue 

samples as described previously (Selote et al., 2015). In brief, nuclear fractions were 

collected using sucrose-percoll discontinuous density gradients. Cytosolic factions were 

collected upon ultra-centrifugation of total protein extracts at 100,000g for 1 h. For protein 

analysis, samples were subjected to SDS-PAGE and western blotting followed by 

Immunodetection using anti-BTS and anti-VOZ2 antibodies (Nakai et al., 2013b; Selote et 

al., 2015). HRP-conjugated anti-rabbit/mouse-IgG antibody was used as the secondary 

antibody. The Rubisco large subunit band detected by amido black staining was used as a 

loading control for total and cytosolic protein. Purity of subcellular fractions was evaluated 

by reprobing the blots for nuclear marker protein using anti-Histone3 (EMD Millipore) or for 

cytosolic marker protein using anti-Fructose-1,6-bisphoshphatase (Agrisera).   
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RNA Isolation and qRT-PCR 

Total RNA was extracted using the GeneJET Plant RNA Purification Kit (Thermo Scientific) 

and first-strand complementary DNA was synthesized using the Superscript III cDNA 

synthesis kit (Life Technologies). qRT-PCR was conducted using iTaq Universal SYBR 

Green Supermix (Bio-Rad) and the StepOnePlus Real-Time PCR System (Applied 

Biosystems). Primers are listed in Table S1. Relative expression was calculated using the 

comparative cycle threshold method, normalized to β-tubulin. 

 

Root Growth, Rhizosphere Acidification, and Iron Reductase Activity  

Seedlings were grown on +Fe medium for 4-d and then transferred to either +Fe or -Fe 

medium for 7-d (4-d +Fe, 7-d ±Fe). 11-d old plants were scanned for root growth analysis. 

ImageJ software was used for root length measurements. Rhizosphere acidification was 

performed as previously described (Yi & Guerinot, 1996; Selote et al., 2015). Briefly, 7-d-

old (4-d +Fe and 3 d ±Fe) seedlings were transferred to 1% (w/v) agar plates containing 

0.006% (w/v) bromocresol purple and 0.2 mM CaSO4 (pH 6.5 adjusted with 1 M NaOH) for 

24 h. Iron reductase activity was performed as previously described (Yi & Guerinot, 1996; 

Selote et al., 2015). Briefly, roots from 10-d-old (7-d +Fe and 3 d±Fe) seedlings were cut, 

grouped (8 roots per replicate), weighed, and incubated in assay solution (0.1 mM Fe-EDTA 

and 0.3 mM ferrozine) for 1 h. Absorbance was measured using a spectrophotometer at 562 

nm. 
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Drought Tolerance Response 

Two-week-old seedlings grown in well-watered soil were subjected to drought stress by 

withholding water till plants exhibit partial wilting phenotype. After maintaining the plants 

for three weeks without watering, all the plants were subjected to recovery by applying 

water. Drought tolerance was determined as percentage of plants recovered from drought 

stress-mediated wilting and resumes growth, and was calculated 7-d after re-watering. 

Alternatively, drought tolerance of plants was also measured by analyzing the transpiration 

rate of detached leaves from 4-week-old plants grown on well-watered soil. The harvested 

leaves were placed on 3 MM Whatman filter paper at room temperature. The transpiration 

rate or loss of water was measured by monitoring the fresh weight of leaves in a time course 

manner post detachment.  Results were presented as percentage of fresh weight of leaves. 

Stomata guard cells were analyzed and measured in 4-week-old well-watered plants. 

Stomatal aperture (pore width) was calculated using ImageJ software.  

 

BTS and VOZ2 Protein Levels during Iron Deficiency and Drought Stress 

For time-course analysis of BTS and VOZ2 protein stability under iron deficiency, Col-0 

(wild-type), bts-1 and bts-1/BTSp::BTSΔHHE-GFP seedlings grown on +Fe medium for 9-d 

were transferred to  ±Fe medium for 6 h. Whole seedlings were sampled for protein analysis 

at 0, 3 and 6 h after transfer to ±Fe medium. For BTS and VOZ2 protein analysis under 

drought stress, rosette leaves from 4-week-old soil grown well-watered plants (bts-

1/BTSp::BTSΔHHE-GFP)  were detached at the base of leaf petiole and placed on 3 MM 

Whatman filter paper at room temperature. Samples were collected in a time course manner 
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from 0-6 h post detachment for protein analysis. This experiment was repeated with 9-d old 

seedlings (Col-0, bts-1 and bts-1/BTSp::BTSΔHHE-GFP) grown on MS medium using nylon 

mesh. The seedlings were subjected to drought/dehydration stress by transferring nylon mesh 

to dry plastic surface at room temperature. Whole seedlings were sampled for protein 

analysis at 0, 3 and 6 h, and for transcript analysis at 6 h after the start of stress treatment.    

 

BTS and VOZ2 Protein Analysis during Cold  

Rosette leaves from 4-week-old soil grown well-watered plants (bts-1/BTSp::BTSΔHHE:GFP) 

were detached at the base of leaf petiole and placed in tubes containing ½ MS solution with 

2% sucrose. The leaves were subjected to cold stress by keeping the tubes at 4°C for 0-12 h. 

Samples were collected in a time course manner for protein analysis. This experiment was 

repeated with 7-d old seedlings grown on +Fe medium using nylon mesh. The seedlings were 

subjected to cold stress by transferring the MS agar plates to 4°C. For protein analysis, whole 

seedlings were harvested at 0, 3, and 6 h of cold stress treatment.   

 

Statistical Analysis 

All statistical significance was determined using Student's t-test.  
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FIGURES 

Figure 1. Interaction of BTS with VOZ depends on the presence of the RING (E3 ligase) 

domain. (a,b) BiFC assay showing in planta interactions of VOZ1, VOZ2, and IMPa-4 with 

BTS and BTSΔE3 deletion protein in leaf epidermal cells. Indicated proteins are transiently 

coexpressed in RFP-Histone2B (nuclear marker) transgenic Nicotiana benthamiana plants. 

EYFP fluorescence indicates interaction between proteins. Scale bars = 20 µm. All 

interactions were tested using both combinations of N/C-EYFP-fused reciprocal proteins. 

Results shown represent three independent assays. (c,d) Immunoblot analysis showing co-

immunoprecipitation (Co-IP) of in vitro translated Myc-VOZ1, GST-VOZ2, and Halo-IMPa-

4 by 3xHA-BTS (full length) and 3xHA-BTSΔHHE deletion, but not by 3xHA-BTSΔE3 

deletion protein. Results shown represent two independent assays. 
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Figure 2. BTS targets VOZ proteins for degradation.  (a) Cell-free 26S proteasome-

mediated degradation of VOZ1 and VOZ2 proteins by BTS. Recombinant 6xHis-VOZ2, -

VOZ1 and -IMPa-4 proteins were expressed and purified from E.coli. Purified proteins were 

incubated with cell-free protein extracts prepared from 7-d-old Col-0, bts-1, bts-

1/BTSp::BTS-GFP, bts-1/BTSp::BTSΔE3-GFP, and bts-1/BTSp::BTSΔHHE-GFP seedlings 

grown on +Fe media for 4 d and transferred to –Fe media for 3 d to induce BTS protein 

expression. Reactions were performed with and without 160 µM MG132 (proteasome 

inhibitor). Proteins were immunodetected using anti-His antibody. Amido back staining 

indicates equal amount of cell-free protein extract loaded. (b) Stability of native VOZ2 

protein in the nucleus of bts-1. Subcellular organelle fractionations were performed using 

sucrose-percoll discontinuous density gradient method. Leaf tissues used were from 4-week-

old Col-0, bts-1, voz1voz2 and Col-0/35Sp::BTS-GFP plants grown on soil. The immunoblots 

were probed with anti-VOZ2 antibody and reprobed with antibodies against nuclear (anti-

Histone3) and cytoplasmic (anti-cFructose-1, 6-bisphosphatase, cFBPase) marker proteins to 

check purity of subcellular organelle fractions as well as loading control. Amido back 

staining indicates equal loading of cytoplasmic proteins. Results shown represent two 

independent assays. 
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Figure 3. VOZ2 does not play a significant role in the iron deficiency response. (a) 

Image of 11-d-old seedlings grown on +Fe media for 4 d and transferred to ±Fe media for 7 

d. (b) Relative expression of BTS and VOZ2 in root tissue from seedlings grown on +Fe 

media for 4 d and transferred to +Fe, low Fe, and -Fe media for 0 h to 36 h. Error bars 

indicate ±SE of the mean (n=3) and asterisks indicate expression significantly different from 

+Fe (P<0.05). (c) VOZ2 protein degrades under –Fe in Col-0 (wild-type), but remains stable 

in bts-1 mutant seedlings. Total protein extracted from Col-0 and bts-1 seedlings grown on 

+Fe medium for 9 d and transferred to  ±Fe media for 0 h to 6 h. (d) BTS protein 

accumulation is correlated with degradation of VOZ2 protein under –Fe. Total protein 

extracted from bts-1/BTSp::BTSΔHHE-GFP seedlings grown on +Fe medium for 9 d and 

transferred to  ±Fe media for 0 h to 6 h. BTSΔHHE-GFP and VOZ2 proteins were 

immunodetected using anti-GFP and anti-VOZ2 antibodies respectively. Amido black 

staining indicates equal protein loading. Results shown represent two independent assays. 
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Figure 4. BTS targets VOZ2 protein for degradation during drought and cold stress 

conditions in both young seedlings and soil grown plants. (a,b) Total protein extracted 

from seedlings grown on +Fe media for 9 d and transferred to drought and cold stress 

conditions for 0 h to 6 h. For drought stress treatment, nylon mesh with seedlings was 

removed and kept at room temperature. For cold stress treatment, plates were transferred to 

4°C. (a) VOZ2 protein degrades during drought and stress conditions in Col-0 (wild-type), 

but not in the bts-1 mutant seedlings. (b) Drought and cold stress treatment in bts-

1/BTSp::BTSΔHHE-GFP seedlings results in accumulation and degradation of BTSΔHHE-GFP 

and VOZ2 protein, respectively. (c) Drought and cold stress treatment in detached rosette 

leaves of bts-1/BTSp::BTSΔHHE-GFP plants results in accumulation and degradation of 

BTSΔHHE-GFP and VOZ2 protein, respectively. Total leaf proteins were extracted from 4-

week-old plants grown on soil. For drought stress, leaves were detached from plants at the 

base of leaf petiole and placed on a Whatman 3 MM filter paper at room temperature. For 

cold stress, leaves were immersed through petiole in 1.5 ml ½ MS solution with 2% sucrose 

in tubes and kept at 4°C. BTSΔHHE-GFP and VOZ2 proteins were immunodetected using anti-

GFP and anti-VOZ2 antibodies. Amido black staining indicates equal protein loading. 

Results shown represent two independent assays. 
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Figure 5. BTS is involved in drought response through targeting of VOZ2 protein for 

degradation. (a) Image of 4-week-old plants grown on soil for 2 weeks under normal 

watering conditions followed by 2 weeks of normal watering (non-stress) or no watering 

(drought stress). Results shown represent three independent experiments. (b) Percent 

recovery of 6-week-old plants grown for 2 weeks under normal watering conditions followed 

by 3 weeks of no watering (drought stress) and rewatering for 7 d. Error bars indicate ±SE of 

the mean (n=9) from three independent experiments and asterisks indicate significant 

difference from wild-type (P<0.05). 
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Supplemental Figure 1. Subcellular localization of BTS, VOZ1, VOZ2, and IMPa-4 

proteins. EGFP-tagged BTS, VOZ1, VOZ2, and IMPa-4 proteins were transiently expressed 

in RFP-Histone2B (nuclear marker) transgenic N. benthamiana leaves. GFP, RFP, and 

GFP/RFP overlay images are shown. Results are representative of three independent 

experiments. Scale bars = 20 µm.  
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Supplemental Figure 2. (a) Schematic diagram representing full-length and truncated BTS 

proteins. The protein structure is predicted by CD-Search 

(http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml.), BTS is predicted to contain three 

iron-binding HHE domains (HHE157-183 aa, HHE2316-445 aa and HHE3666-824 aa), CHY-type Zn-

finger domain (CHY1006-1083 aa), a RING domain (E3 ligase1135-1180 aa) and Zn-Ribbon domain 

(Z-R1180-1240 aa). The BTS derivatives (deletion proteins) used for the various biochemical and 

molecular analysis are shown below the full-length BTS protein structure. (b) Interaction of 

BTSΔHHE deletion protein with VOZ1, VOZ2 and IMPa-4 proteins. BiFC assay showing in 

planta interactions of VOZ and IMPa-4 with BTSΔHHE deletion protein in leaf epidermal 

cells. Indicated proteins are transiently coexpressed in RFP-Histone2B (nuclear marker) 

transgenic N. benthamiana plants. YFP fluorescence indicates interaction between proteins. 

Scale bars = 20 µm. All interactions were tested using both combinations of N/C-EYFP-

fused reciprocal proteins. Results shown represent three independent assays.  
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Supplemental Figure 3. Homo-dimerization of VOZ1 and VOZ2 protein. BiFC assay 

showing in planta interactions of VOZ1 with VOZ1 protein and VOZ2 with VOZ2 protein in 

leaf epidermal cells. Indicated proteins are transiently coexpressed in RFP-Histone2B 

(nuclear marker) transgenic N. benthamiana plants. YFP fluorescence indicates interaction 

between proteins. Scale bars = 20 µm. All interactions were tested using both combinations 

of N/C-EYFP-fused reciprocal proteins. Results shown represent three independent assays.  
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Supplemental Figure 4. Interaction between VOZ and IMPa-4 proteins. BiFC assay 

showing in planta interactions of VOZ1 with VOZ2 and IMPa-4, and VOZ2 with IMPa-4 

proteins in leaf epidermal cells. Indicated proteins are transiently coexpressed in RFP-

Histone2B (nuclear marker) transgenic N. benthamiana plants. EYFP fluorescence indicates 

interaction between proteins. Arrow indicates possible nuclear localization. Scale bars = 20 

µm. All interactions were tested using both combinations of N/C-EYFP-fused reciprocal 

proteins. Results shown represent three independent assays.  
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Supplemental Figure 5. Iron-deficiency response of bts-1, voz1voz2, and Col-

0/35Sp::BTS-GFP seedlings. (a) Root length of 11-d-old seedlings grown on +Fe media for 

4 d and then transferred to ±Fe media for 7 d. Error bars indicate ±SE of the mean (n = 30) 

and asterisks indicate root length significantly different from Col-0 (P<0.05). (b) 

Rhizosphere acidification of 8-d-old seedlings grown on +Fe media for 4 d, transferred to 

±Fe media for 3 d, and then grouped (eight plants per genotype) and transferred to 

bromocresol purple media for 1 d. (c) Iron reductase activity of 10-d old seedlings grown on 

±Fe medium (7-d +Fe and 3-d ± Fe). Error bars indicate ±SE of the mean (n = 4), and 

columns with asterisks indicate activity significantly different from Col-0 (*P<0.05, 

*P<0.01). Results shown represent three independent assays.  
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Supplemental Figure 6. (a) BTS transcript levels from 9-d-old bts-1/BTSp::BTSΔHHE-GFP 

seedlings  subjected to ±Fe, drought, cold and heat stress treatments for 6 hours. Error bars 

indicate ±SE of the mean (n=4) and asterisks indicate expression significantly different from 

+Fe (P<0.05). (b) BTS, VOZ1, and VOZ2 transcript levels in shoot tissue of 7-d-old bts-1 and 

voz1voz2 mutant and BTS overexpressing seedlings. Error bars indicate ±SE of the mean 

(n=3) and asterisks indicate expression significantly different from Col-0 (P<0.05).  
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Supplemental Figure 7. Stomatal aperture and water-retention capacity of voz1voz2 and 

BTS overexpression line. (a) Stomatal guard cells of 4-week-old well watered seedlings  

were observed under normal condition. Stomatal aperture measured using ImageJ software. 

Data are represented as means  ±SD of 150 stomata from three biological replicates (leaves). 

(b) Water holding capacity of detached leaves of 4-week-old well watered seedlings of Col-0, 

voz1voz2, and BTS overexpression line. Leaf fresh weights were measured at multiple time 

points. Water loss is expressed as the percentage of the initial fresh detached leaf weight. 

Data are represented as the mean  ±SD (n = 5). 
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TABLES 

Supplemental Table 1. List of primers. 
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CHAPTER 6 

Computational approaches to identify regulators of plant stress response using high-

throughput gene expression data. 
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Insight  into  biological  stress  regulatory  pathways  can  be derived  from  high-throughput  transcriptomic
data  using  computational  algorithms.  These  algorithms  can  be  integrated  into  a computational  approach
to  provide  specific  testable  predictions  that  answer  biological  questions  of interest.  This  review  conceptu-
ally  organizes  a wide  variety  of  developed  algorithms  into  a classification  system  based  on  desired  type  of
output  predictions.  This  classification  is then  used  as  a structure  to describe  completed  approaches  in the
literature,  with  a focus  on  project  goals,  overall  path  of  implemented  algorithms,  and  biological  insight
gained.  These  algorithms  and approaches  are  introduced  mainly  in  the  context  of  research  on the  model
plant  species  Arabidopsis  thaliana  under  stress  conditions,  though  the  nature  of computational  techniques
makes  these  approaches  easily  applicable  to a wide  range  of  species,  data  types,  and  conditions.

©  2015  The  Authors.  Published  by  Elsevier  B.V. This  is  an open  access  article  under  the  CC  BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Plants are sessile organisms subject to constantly changing envi-
ronments. The ability to respond to these environmental changes,
therefore, is key to plant adaptation and survival. An overall goal
of plant abiotic stress research is to develop an understanding
of the molecular components of a single or combinatorial stress
response and show how these components interact, enabling
directed genetic manipulations that can enhance stress tolerance
[1]. Transcription factors are one of the first categories of genes
activated in response to a stress [2]. Transcription factor activity
can lead to alterations in activity and accumulation of downstream
transcription factors and proteins that modulate plant morphology
and molecular composition. In this way, manipulation of the activ-
ity of just one transcription factor or a small family of transcription
factors can lead to alterations in a transcriptional cascade with
dramatic outcomes. This strategy is the basis for both evolution-
ary adaptation as well as genetic manipulation of stress responses
[3,2,4]. Despite a widespread focus on stress-induced transcription
factors and a recent breadth of high throughput data, successful

∗ Corresponding author. Tel.: +1 919 515 0478.
∗∗ Co-corresponding author.

E-mail addresses: terri long@ncsu.edu (T.A. Long), cmwilli5@ncsu.edu
(C. Williams).

genetic manipulations of transcription factors in crop plants that
improve stress tolerance are limited. Identification of transcriptio-
nal regulators in the model species Arabidopsis thaliana is a first
step to the search for candidates for genetic modification in crop
species, yet a number of limitations exist in this identification. First,
with 5–10% of plant genomes reported to code for transcription
factors, the number of candidate genes to study is extensive [5–7].
Second, it is difficult to predict the effects of one transcription fac-
tor in isolation and even more difficult to predict combinatorial
effects of transcription factors acting on the same targets or act-
ing in complexes. Finally, the ways in which transcription factor
activity is modulated in response to one stress or a combination
of stresses are complex. In other words, a huge number of possible
experiments exist to test the effect of combinations of transcription
factors under combinations of stresses. Computational approaches
play a critical role in the research process by producing a set of
testable predictions, thus limiting the space of experiments needed
to yield a better understanding of the cascading responses result-
ing from stress. These predictions range from involvement of a
transcription factor in a stress response to detailed descriptions
of transcription factor and target gene interaction dynamics. An
increasing abundance of computational approaches necessitates a
careful evaluation of the utility and application of these tools.

In this review, we summarize and organize algorithms involved
in current and promising computational approaches into 5 cate-
gories (“Types”) based on the type of inference an algorithm aims

http://dx.doi.org/10.1016/j.cpb.2015.04.001
2214-6628/© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
0/).
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to obtain from a biological dataset. We  focus on algorithms that
can operate on gene expression data, as this is currently the most
available form of high throughput data. We  then demonstrate how
algorithms from different categories have been combined in the
scope of computational approaches to achieve specific objectives
associated with plant stress response. Additional examples of algo-
rithms that fall into the proposed classification system can be found
either in plant related [8–10] or general computational approach
[11–15] review articles. We  build on these reviews by organizing
algorithms based on their utility and highlighting how inferences
achieved by algorithms in multiple categories can be systematically
combined to achieve a better understanding of the transcriptional
cascade involved in stress response. We  then discuss how these
algorithms have been utilized in recent studies to achieve a cer-
tain objective. In this way, researchers aiming to acquire specific
predictions from an expression dataset can more efficiently choose
appropriate algorithms.

2. Background

Environmental conditions in agricultural settings are highly
variable, leading to suboptimal crop yields and survival rates
[16]. The frequency and intensity of environmental extremes, par-
ticular drought, heat, and pests are expected to increase with
climate change [1,17,16]. A large number of stress response stud-
ies are focused on elucidating transcriptional cascades regulating
responses to individual and combined stresses. Transcription fac-
tors that play important roles in modulating such cascades are
candidates for genetic engineering approaches and are worthy of
intensive study.

Gene expression analysis is a widely proposed means of bringing
a greater understanding to all abiotic stress responses for sev-
eral reasons. A large number of genes have altered expression in
response to stress and these alterations play an important role in
adaptation [18,19]. Expression data is also relatively cheap. Because
of this, high-throughput gene expression datasets have been gen-
erated and are publicly available for a multitude of stresses, both
biotic and abiotic, with examples in A. thaliana including but not
limited to pathogen infection [20–22], cold [23], pH [24], salt [25],
light [26], and nutrient [25,27–30] stress. Though these studies
are comparable in theory, a few large studies have attempted to
mitigate the effects of variations in experimental setup by col-
lecting expression data under different stresses imposed with
otherwise identical growth conditions [18] or under combinations
of stresses [31–34]. Analyses of these concurrent and combinato-
rial experiments in particular have revealed distinct patterns of
different stress responses along with some common features, infer-
ring that both general and specific stress response pathways exist.
For example, analysis of the AtGenExpress database of concur-
rent stress application indicates that some abiotic stresses result
in sustained gene expression alterations and others in transient
alterations [18]. A set of early- and commonly induced genes, rep-
resenting the so called Plant Core Environmental Stress Response
(PCESR), includes transcription factors, indicating that a general
stress response may  be transcription factor mediated and likely
occurs early in stress response cascades [18,35]. Combinatorial
studies indicate that genes responding to combined stresses are
often distinct from those responding to individual stresses, high-
lighting a need for both more studies of this type as well as
computational methods to attempt to predict these emergent
behaviors [31–34]. Despite these extensive analyses, limited direct
predictions concerning stress pathways have been made and val-
idated. The majority of detailed characterizations of transcription
factors, including direct promoter binding and influence on tar-
get gene expression, are the result of traditional studies. These

studies are time and cost intensive. Furthermore, since many key
regulators have been found through phenotypic mutant screens,
subtle yet important phenotypes and genes can easily be missed.
Redundancy is expected in critical regulatory mechanisms [36], and
predictions concerning which regulators or mutants to combine
in a genetic engineering strategy would be extremely valuable.
A recent increase in algorithm development and utilization will
help to increase the predictive power in available datasets so that
regulators and combinatorial regulatory mechanisms beyond the
“low hanging fruit” can be identified. In the following sections,
we describe and organize sets of algorithms and implementations
thereof in experimental approaches, aiming to bring attention to
the benefit of these approaches and facilitate future increases in
frequency and strength of computational biology studies.

3. Classification of inference algorithms

Many computational algorithms have been developed for ana-
lyzing gene expression data. We focus here on algorithms capable
of identifying stress related genes, grouping genes by function,
inferring connections between genes, estimating gene interaction
direction and type, and predicting gene expression states and
values in interconnected regulatory networks. These algorithms
differ in complexity and implied assumptions, but can be classified
based on functionality. We categorize these algorithms in 5 distinct
groups based on the type of insight they provide to a biological pro-
cess of interest. Depending on research objectives, these algorithms
can either be used separately or as a part of a systematic compu-
tational approach where inferences from algorithms of one type
can be used as input for algorithms of another type. For example, a
computational approach designed to predict gene interactions and
their type based on time course microarray data can be comprised
of 3 algorithms of different types that sequentially process input
data to obtain a desired output (Fig. 1).

The algorithms described can be applied to transcriptomic data
obtained at M time points or treatments (tj, j = 1, . . .,  M)  for a set
of N genes (gi, i = 1, . . .,  N). Examples of such datasets include the
global abiotic stress expression database AtGenExpress [18]. This
database includes datasets for multiple abiotic stress treatments
that are obtained for N ≈ 24, 000 genes at M = 7 time points using
Affymetrix ATH1 GeneChip microarray analysis. Hence, the activity
of each gene can be represented by a set of numbers gi(t1), gi(t2),
. . .,  gi(tM), forming a pattern that is used by algorithms to make
inferences.

Type 1 algorithms attempt to capture genes that are relevant to
a particular condition. Techniques for determining differentially
expressed genes are an example of algorithms falling into this
category [37]. Differential expression techniques work by assum-
ing that significant change in transcript levels of a given gene
under stress condition relative to its activity under normal condi-
tions indicates that the gene plays a role in the stress response.
This assumption disregards posttranscriptional modifications as
alternate means of gene product regulation. Since transcript mea-
surement precision can vary from one experimental approach to
another, statistical tests are often applied to determine the sig-
nificance of the change in transcript levels. Student’s t-test for 2
treatments or ANOVA for a set of treatments are commonly applied
to deduce statistical significance. Other differential expression
inference algorithms were developed for large scale experimental
techniques such as microarrays, for which the correlation between
within-array replicates can be taken into consideration [38], or
RNA-Seq, for which count based statistics are more appropriate
[39,40].

Type 2 algorithms aim to identify relationships between genes.
These algorithms work by assuming that genes with “similar”
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Fig. 1. Conceptual view of the information flow in a computational approach. Biological data is used to identify genes of interest (Type 1 algorithm), infer connections
between these genes (Type 2 algorithm), and predict types of these connections (Type 3 algorithm).

expression patterns are co-regulated or are part of the same regula-
tory pathway [13]. Techniques like co-expression analysis [41–45]
fall into this category.

Common metrics that have been used to assess similarities
between genes based on their expression patterns include Pearson
correlation coefficient [42,46–48], Spearman correlation coeffi-
cient [49–51], partial correlation coefficient [52–54], Euclidean
distance [55,56], and mutual information [57–59]. These metrics
typically represent a quantified measure that establishes a pair-
wise comparison between the expression levels of two  genes, g1
and g2, across time points or experimental treatments. Kumari
et al. [60] presented a study that evaluated the utility of Spearman
rank correlation, Weighted Rank Correlation, Kendall, Hoeffdings D
measure, Theil-Sen, Rank Theil-Sen, Distance Covariance, and Pear-
son correlation coefficient on transcriptional data for determining
gene association. The authors found that Spearman, Hoeffding, and
Kendall correlation coefficients were more effective in identify-
ing related pathway genes than others. In contrast, Ma  et al. [61]
claim that based on manual inspection of the expression patterns
of several pairs of TF-target genes, the Gini correlation coefficient
can compensate for the shortcomings of the Pearson, Spearman,
Kendall, and Tukeys biweight correlations in detecting transient
regulatory relationships between transcription factors and their
targets. Metrics such as area between expression curves [62], Z-
score [63], and others appear in the literature but have not been
extensively evaluated.

Relationships between individual genes or across established
groups of genes can be generated based on these similarity metrics.
A typical procedure for estimating relationships between individ-
ual genes is to set a threshold value and assign connections between
genes whose pairwise similarity value is higher than a selected
threshold [62,58]. The statistical significance of the similarity can
also be taken into consideration when establishing a connection
[57]. Groups of similarly behaving genes are in most cases identified
using clustering algorithms. Clustering algorithms apply similarity
metrics to isolate groups of co-expressed genes. k-means cluster-
ing [64], the Markov Cluster algorithm [65,66], biclustering [67],
self-organizing maps [68], hierarchical clustering [69], and affin-
ity propagation [70] are examples of clustering algorithms applied
to transcriptomic data. Martin et al. [64] applied k-means cluster-
ing, hierarchical clustering, and self-organizing maps to time series
transcriptomic data from mice. The results suggested that k-means
was able to convey comparable grouping to hierarchical clustering,
and self-organizing maps (more than 80% agreement) while main-
taining less of a computational load than other approaches. Frey and
Dueck [70] showed that the affinity propagation algorithm yields
more compact clusters compared to k-means in terms of the sum
of intercluster distances which might imply tighter relationships
between genes in the same cluster.

Clustering has also been used to reduce the complexity of
building transcriptional networks by reducing high dimensional
networks with many genes to lower dimensional networks of clus-
ters of genes or “metagenes”, which represent groups of genes
with similar expression activity. The expression pattern of a meta-
gene may  be defined as the cluster average or the expression
pattern of the gene with the highest sum of similarities with
its cluster members. Some algorithms have extracted metagene
expression patterns first by applying principal component analysis
(PCA) or singular value decomposition (SVD) to the overall expres-
sion dataset. The clusters are then assembled based on similarities
between gene and metagene expression patterns [71,72].

Type 3 algorithms aim to infer causal relationships between genes.
Causal inference procedures are often based on the assumption that
a change in one gene (g1) will result in a subsequent change in
another gene (g2) at some later time if g1 activates or inhibits g2
[73–77]. Thus, the approach is similar to co-expression analysis in
that it aims to find genes with similar temporal expression pat-
terns. The key difference distinguishing this approach from those
in Type 2  is the assumption that these similarities will occur at a
delay, allowing for inference on the direction of regulation (which
gene comes first in a regulatory cascade) in addition to a relation-
ship connection. The equation for Pearson correlation coefficient,
for example, can be modified to assess this temporal characteristic
by incorporating a time delay. Eq. (1) reflects similarity at the delay
of one time unit. The algorithms capture the regulation delay for
a pair of genes by selecting the time unit duration that maximizes
the correlation coefficient [75].

!g1→g2 =

!M−1
j=1 (g1(tj) −ḡ1)(g2(tj+1) −ḡ2)

"!M−1
j=1 (g1(tj) −ḡ1)2

"!M−1
j=1 (g2(tj+1) −ḡ2)2

,

where ḡ1 = 1
M − 1

M−1#

j=1

g1(tj), ḡ2 = 1
M − 1

M−1#

j=1

g2(tj+1) (1)

Two sets of similarity values, each corresponding to a range of
delays for a certain direction of shift, are calculated to assess the
strength and directionality of connection in each pair of genes.
Small similarity values, corresponding to a low probability of reg-
ulation, can be removed, leaving the remaining high confidence
connections to characterize genes that have potential causal rela-
tionships. Approaches that use modifications of the metric in (1)
have been effective for single datasets with 50 and 27 time points
and sampling intervals of 20 min  [75] and for a collection of 18
datasets with 7 time points in each and sampling intervals ranging
from 0.5 to 12 h [78]. Other sample times may  be relevant depend-
ing on the features that exist in the data.
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Another class of algorithms that infer regulatory interactions
between genes is Bayesian networks [79,80]. Bayesian networks
are capable of inferring regulatory connections from time course
and non-time course data. These algorithms attempt to find causal
connections based on Bayes’ rule by explicitly choosing a network
structure that best describes experimental data. The algorithm
considers a network of gene regulations as a set of dependencies
where the probability of expression of a target is conditioned on
the expression of its regulator. These regulations are described as
conditional probabilities. Algorithms then try to find a network
structure that best describes the data based on a scoring function.
Identification of the network structure is a computationally inten-
sive problem. Complexity grows exponentially with an increasing
number of nodes [11]. For example, around 1018 different topolo-
gies arise for a network of only 10 genes [12]. Thus, most of the
approaches using Bayesian networks concentrate on a small subset
of genes (typically when some portion of a gene regulatory network
is already known) or employ sub-optimal but less computationally
intense solutions to handle larger networks [11].

Dynamic Bayesian Networks (DBN) [81,82] incorporate order-
ing information in time course data to allow for feedback loops (not
allowed in standard Bayesian networks). These feedback loops are
allowed by treating expression of the same gene at different time
points as different nodes. Nodes corresponding to the same gene
are combined after the structure inference procedure. This algo-
rithm leads to an increase in complexity since the number of nodes
involved in structure inference routine is a product of the number
of genes and the number of time points.

Type 4 algorithms aim to infer combinations of regulator expres-
sion states that are necessary to result in a particular state of target.
These algorithms can be conceptualized as a search for a func-
tional relationship between a target and its regulator(s) (gi = f(g1,
g2, . . .,  gN)). In this case, a qualitative measure of gene behavior
can be used, with gene expression values represented as either
high or low, active or inactive, or “ON” or “OFF” to simplify the
problem. An “ON” state of only a couple regulators may  suffice to
upregulate the expression of the target. This qualitative assumption
allows the use of Boolean networks [83] in Type 4  inference prob-
lems. Expression values in Boolean network inference approaches
are discretized mostly in two states, representing an activity level
at each time point [84–86]. Regulatory connection inference algo-
rithms try to find a binary function that computes the next state of
a gene based on a combination of other genes’ states using simple
Boolean operations, e.g. AND (&) if more than one regulator should
have a certain state to influence a common target, OR (|) if any of
the regulator states suffice for the same purpose, and NOT (¬) in the
case of repression (Fig. 2). The goal of this approach is to find the
simplest function for each gene, which is the function that depends
on the fewest regulator genes possible.

A direct approach to find the simplest Boolean function that
satisfies a given data set is to compare all possible functions capa-
ble of generating the observed expression pattern. The number of
Boolean functions that can represent the expression activity of a
gene regulated by as many as n transcription factors is 22n [87],
making the problem computationally infeasible for a large (more
than 10) number of genes. Some algorithms use prior knowledge
to confine the number of genes to analyze. Others rely on net-
work structures inferred by other types of algorithms to confine
the number, type and directionality of possible regulatory rela-
tionships between individual genes or groups of genes. Another
factor constraining the use of Boolean networks in whole genome
dataset analysis is the small number of samples (time points) asso-
ciated with most datasets. These small sample sizes typically do
not provide the diversity needed to uniquely define relationships
across a large number of individual genes. For example, for 5 time
points, which is the median number in typical gene expression

Fig. 2. Boolean network representation in graphical and functional forms. Combi-
nations of transcription factors g1, g2, and g3 influence expression of each other and
target genes. The state of g6, for example, is influenced by a combination of g2 and
g3 or by g1 alone.

Fig. 3. Type 5 algorithms output in terms of the system of ODEs and predicted gene
expression dynamics (gi(t)) based on experimental values (gi(tj)). In this example,
the expression pattern of each gene is influenced by the expression of at least one
other gene, with some genes (g4) influenced by their own  expression (feedback
loop).

datasets [88], the number of genes with distinct Boolean expres-
sion patterns is limited to only 25 = 32. Any attempted analysis of
more than 32 genes with such a dataset would result in at least
2 genes with identical behavior which would limit resolution to
groups of genes (e.g. metagenes) as opposed to individual genes.

Type 5 algorithms aim to describe dynamic behavior in a trans-
criptional network. The resulting network representation allows for
the reconstruction of continuous changes in transcripts over time
(Fig. 3). Ordinary differential equations are commonly used to cap-
ture the dynamics associated with gene expression changes [89].
These equations allow for the estimation of gene expression val-
ues at any given time point either between samples (interpolation)
or beyond the last collected sample (extrapolation) [29]. When a
gene regulatory network is represented in terms of linear differ-
ential equations, the instantaneous change in expression of a gene
is related to the sum of weighted expression values of influencing
genes:

dgi

dt
=

N!

k=1

aikgk, (2)
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where aik represent influence coefficients. Coefficients for linear
differential equations are often inferred using the Least Absolute
Shrinkage and Selection Operator (LASSO) algorithm [90], a modi-
fication of the linear regression approach. When LASSO is used for
ODE inference purposes, the changes in expression, i.e. differences
between expression values at consecutive time points, are approx-
imated by a linear combination of other genes’ expression values.
Expression patterns for target genes are replaced with patterns of
changes in expression [91–93] to infer influence coefficients. Given
that biological processes are assumed to be inherently nonlinear,
linear Ordinary Differential Equation (ODE) inference algorithms
for transcriptional networks rely on the assumption that the sys-
tem operates close to a stability point [93]. The system may  not stay
close to a stability point in the case of stress induced responses,
where a plant may  transition from one stable steady state to
another. Nonlinear ODEs, though potentially more biologically rel-
evant because they do not rely on the steady state assumption,
typically require the estimation of more coefficients associated
with nonlinear terms [94]. Coefficient estimation routines for infer-
ence algorithms search the parameter space to find coefficients
that yield solutions closest to measured expression values
[95,96].

All of the described algorithms require implementation and
validation in biological systems in order to assess their utility.
A number of validation techniques exist, depending on the type
of algorithm [97–113]. These validation techniques are visualized
with key references in Fig. 4. Validation for algorithms of Types 1
and 2 , which predict associations between a gene and a process
or a gene and a group of genes, are limited to analysis of Gene
Ontology (GO) enrichment or phenotypes in mutants of transcrip-
tional regulators. These phenotypes range widely depending on the
stress response in question, and could involve extensive experi-
mentation to search for a phenotype of interest. A wider range of
techniques exist for algorithms of Types 3–5 ,  algorithms that pre-
dict relationships between transcription factors and target genes.
These relationships can be tested indirectly through expression
profiling, computationally through promoter analysis, or directly
through binding interactions. Given that no “gold standard” vali-
dation technique exists [114], convincing support often involves
the combination of multiple validation techniques, such as expres-
sion analysis and binding activity for a regulator and target of
interest. Similarly, complex predictions such as those derived from
Type 4 and Type 5  algorithms require a combination of static and
dynamic validation techniques – including expression profiling at
multiple time points, preferably along with determination of bind-
ing activity.

4. Computational approaches

Computational approaches are used widely to gain insight into
processes underlying plant response to stress conditions. These
approaches have a similar structure in terms of the types of algo-
rithms they use and differ in the combination of and order in
which these algorithms are applied. In the following examples, we
describe how algorithms of different types have been combined in
particular computational approaches to answer research specific
questions.

4.1. Relevant gene identification

A large number of current computational approaches are
focused on identifying genes that play a key role in a process of
interest. The importance of these genes is then typically tested
through mutant phenotypic analysis. Ma  et al. [56] analyzed a set
of A. thaliana abiotic stress response transcriptome datasets with

6 time points to identify stress related genes. The computational
approach started by partitioning each stress dataset into “infor-
mative” and “noninformative” genes using differential network
analysis (Type 1  algorithm). The authors stated that differential net-
work analysis that involves machine learning and training based on
a priori information is more sensitive than differential expression
analysis, which is statistics oriented. The Gini correlation coefficient
was then calculated for pairs of “informative” genes to establish sig-
nificant connections (Type 2  algorithm). Stress related genes were
identified from the resulting network based on the combination of
33 topology scores obtained from the network of significant con-
nections (Type 1  algorithm). The authors validated their algorithm
by performing a phenotypic screen for 89 candidates identified as
salt stress related. Mutants of 2 previously unreported salt stress-
related genes showed phenotypes.

Dinneny et al. [25] conducted DNA microarray experiments on
A. thaliana root response to iron deficient media with 7 time points
spanning 72 h to identify common stress response behavior pat-
terns. The authors applied differential expression analysis [115] to
identify genes having at least a 1.5-fold change in expression with
a false discovery rate value less than 10−4 at a sampling time point
compared to no treatment (Type 1  algorithm). The analysis showed
that the strongest transcriptional response occurred after 24 h of
treatment. Dinneny et al. [25] then applied the affinity propaga-
tion clustering algorithm [70] to form groups of similarly expressed
genes and thus identify general patterns of gene expression (Type
2  algorithm). Long et al. [28] used the results of this analysis and
screened through mutants of 38 identified genes coding for coex-
pressed transcription factors. The screens led to identification of
important iron homeostasis regulators POPEYE (PYE) and BRUTUS
(BTS).

Lin et al. [30] investigated the effect of phosphate starvation
on A. thaliana root gene signaling using a DNA microarray time
course with 3 time points to infer functional modules in early
transcriptional responses. The authors used differential expression
analysis with the requirement of a 2-fold change in expression with
a p-value cutoff of 0.05 to identify stress related genes (Type 1  algo-
rithm). Additional information from 2671 experimental datasets,
300 of which are root specific, was used to select 187 root specific
genes (Type 1  algorithm). The authors used the Multi-Array Corre-
lation Computation Utility (MACCU) toolbox based on thresholding
pairwise Pearson correlation coefficients to obtain 3 functional
modules of stress specific genes (Type 2  algorithm). To validate the
results, Lin et al. [30] conducted mutant screens on 31 members
of a cluster where most of the genes are known to participate in
root development. Only 5 tested lines did not show a statistically
significant root hair length phenotype.

4.2. Gene function elucidation

Another group of computational approaches aim to associate
genes with a specific function during a process of interest. The guilt-
by-association heuristic [43] is often used to assign a function to an
unknown gene based on known functions of co-regulated genes
(Gene Ontology enrichment). Polanski et al. [48] analyzed six A.
thaliana stress response transcriptome datasets to identify gene
modules showing evidence for co-regulation. The computational
approach revealed 78 modules of co-regulated genes, 71 of which
were overrepresented in Gene Ontology categories and 51 of which
were enriched in transcription factor binding motifs (compared
to 24 and 6 of 78 randomly assigned modules, respectively). The
approach used information about which genes were differentially
expressed in each stress response as an input (previously deter-
mined in other publications using Type 1  algorithms). For each
gene differentially expressed under at least 2 conditions, the algo-
rithm assembled a set of correlated genes for each condition (Type
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Fig. 4. Validation techniques for algorithm types with key references. Examples shown are those typically seen in current computational research approaches, specifically
for  research projects in A. thaliana.

2  algorithm). A co-regulation relationship in a pair of genes was
established if these genes had shared a significant number of corre-
lated genes across stress conditions (Type 2  algorithm). The authors
used Gene Ontology enrichment, promoter analysis, and yeast one-
hybrid protein–DNA interactions to validate the resulting modules
of co-regulated genes.

Ma and Bohnert [116] integrated time course and cell specific
transcriptomics data with gene promoter structures to iden-
tify stress related cis-elements in A. thaliana. The computational
approach used in this work detected known stress related cis-
elements and identified secondary motifs. The authors combined
abiotic and biotic stress, hormone and chemical treatment time
courses and different light condition samples to create one com-
bined expression pattern of 145 values per gene. Differentially
expressed genes were identified by combining the results from
fuzzy k-means clustering [117] applied to all gene probes and the
‘limma’ statistical program [118] which identified genes differen-
tially expressed in at least one condition (Type 1  algorithm). Fuzzy
k-means clustering was  again applied to the resulting set to iden-
tify stress related clusters of genes (Type 2  algorithm). The authors
assigned functions to clusters based on GO enrichment. Binding
motif analysis using Plant Cis-acting Regulatory DNA Elements
(PLACE) database [105] revealed motifs significantly overexpressed
in the function related clusters. Further analysis of 22 major clusters
resulted in the identification of new DNA regulatory motifs [119].

4.3. Gene relationship inference

Computational approaches that aim to unravel influential rela-
tionships between regulators and their targets are less common but
are increasing in frequency. Windram et al. [22] applied a computa-
tional approach to identify transcription factor families operating
at different stages of A. thaliana pathogen defense response. The
authors analyzed transcriptional profiles at 24 time points with
4 replicates per time point. The computational approach pre-
dicted gene regulatory interactions, confirmed experimentally or
by binding motif enrichment. The analysis started with assess-
ment of differentially expressed genes based on a combination
of MAANOVA (MicroArray ANalysis Of VAriance) [120], approx-
imate F tests, GP2S (Gaussian process 2 sample) test [121], and
Hotelling statistic (T2) [122] (Type 1  algorithm). Next, a SplineClus-
ter [123] algorithm separated differentially expressed genes into
clusters associated with different stages of stress response (Type
2  algorithm). The clusters were validated by GO enrichment anal-
ysis. Nonparametric modification of Bayesian network inference
algorithm [124] was  applied to cluster representatives to infer
regulatory connections between clusters (Type 3  algorithm). The
authors validated the regulatory effect of one of the clusters
through experiments with a knockout mutant line for the tran-
scription factor TGA3. Experimental data showed altered gene
expression in predicted TGA3 target clusters in the tga3-2 mutant,
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Fig. 5. Transitions between algorithms of different types. Typical experimental transitions between algorithms are indicated with blue arrows and perspective future
transitions, less common but possible with more reliable supporting algorithms, are indicated with white arrows.

whereas targets regulated by non TGA3 clusters were less affected.
The effect of another transcription factor, ANAC055, was  validated
by binding motif enrichment in target clusters.

Redestig et al. [78] analyzed a set of 18 DNA microarray time
series corresponding to nine different abiotic stresses with seven
time points obtained from root and shoot of A. thaliana seedlings
with the aim of associating stress responsive transcription factors
with their targets. The authors concluded that their computa-
tional approach delivered a usable number of high-confidence
target genes (12–59% of identified true targets) for stress related
transcription factors. The computational approach identified stress
related transcription factors by selecting ones with maximum over-
all response and maximum change in response satisfying a specific
threshold criteria (Type 1  algorithm). Covariance values between
a transcription factor and other genes over a set of delays were
calculated for a set of conditions (Type 3  algorithm). High scores
corresponded to a high probability of regulation.

Krouk et al. [29] conducted DNA Microarray experiments on A.
thaliana nitrate response with six time points spanning 20 minutes
to capture a gene regulatory network underlying plant adaptation
to nitrate provision. The inferred temporal model of the reaction
process built for 20 cluster representatives resulted in 70% cor-
rect predictions of expression value direction change after the
last time point in the time course. The computational approach
started with ANOVA to identify nitrogen regulated genes (Type
1  algorithm). Next, MeV  software [125] was used to separate the
nitrogen regulated genes into 20 clusters, eight of which appeared
to have over-represented biological functions (Type 2  algorithm).
The application of LASSO based algorithm to cluster representa-
tives provided coefficients for a system of linear ODEs describing
the dynamics of each cluster (Type 5 algorithm). Predictions on the
direction of change obtained from ODEs were tested by comparing
them with expression values from a time point that was  not used
for inference purposes.

4.4. Summary

As can be surmised from the examples given, algorithms from
Type 1 , Type 2 , and Type 3  are more common in current experimen-
tal approaches applied to plants. The problem of dimensionality
prevents the extensive use of Type 4  and Type 5 algorithms for
individual genes based on whole genome datasets due to data
requirements for such type of inference [13]. Thus, the dimen-
sion of the problem is typically reduced by limiting a set of genes
to ones known to interact or participate in the same biological
process. Recent non-stress related approaches in A. thaliana have

employed such techniques. Espinosa et al. [126] used experimen-
tally obtained knowledge about relationships of 15 genes in A.
thaliana flower development process to predict development sce-
narios using Boolean networks approach (Type 4  algorithm). Sankar
et al. [127] built a model to predict states of the components
from auxin and brassinosteroid signaling networks in A. thaliana
by applying Boolean logic approach (Type 4  algorithm) and then
transformed the resulting discrete network representation to a
set of ordinary differential equations (Type 5 algorithm) to obtain
quantitative predictions. Cruz-Ramirez et al. [128] investigated the
dynamics of asymmetric cell division within the A. thaliana root by
analyzing a system of nonlinear differential equations for 7 inter-
acting complexes (Type 5 output). The analysis predicted a bistable
behavior of the process. Finally, Pokhilko et al. [129] refined the
interaction model describing circadian rhythms in A. thaliana by
modeling the process with a system of nonlinear ODEs (Type 5
output).

Similarities in regulatory processes on a genomic level allow
for the application of computational approaches that were devel-
oped for non-plant species. Some computational approaches are
available in software packages. An extensive use of these pack-
ages shows that even if a technique was developed and tested
for one species, it can be applied to a similar dataset from
another species. Examples of these approaches are briefly described
here. Vermeirssen et al. [130] combined the Learning Module
Networks algorithm [131] developed for yeast, Context Likelihood
of Relatedness algorithm [132] tested on Escherichia coli, and Dou-
ble Two-way t-tests algorithm tested on E. coli to identify oxidative
stress regulatory transcription factors in A. thaliana (Type 3  output).
The Algorithm for the Reconstruction of Gene Regulatory Networks
(ARACNE) [58] was developed to infer transcriptional regulations
in human B cells, but then used for other applications including
the inference of transcriptional interactions underlying root devel-
opment and physiological processes in A. thaliana [133] (Type 3
output). Other software packages that showed the ability to recover
gene regulatory networks from transcriptomic data include CLR
[132], MRNET [134], C3NET [57], and ARTIVA [135]. The Dialogue
on Reverse Engineering Assessment and Methods (DREAM) project
attempted to compare such GRN inference methods applied to
E. coli, Staphylococcus aureus,  Saccharomyces cerevisiae and in silico
microarray data [136]. The authors discovered that these methods
have complementary advantages and limitations under different
contexts. In the case of multicellular organisms, the performance
of techniques has so far been measured based on goals achieved
for a specific application. Such performance is difficult to compare
between methods since goals and applications are often diverse.



 

142 

 

A. Koryachko et al. / Current Plant Biology 3-4  (2015) 20–29  27

5. Conclusions

We  presented a classification of computational algorithms
based on the type of information they aim to infer. This struc-
ture was used to describe approaches in the literature that have
been used to gain insight into biological processes of interest
based on transcriptomics data. Examples of existing computational
approaches applied to plant stress transcriptional datasets demon-
strated a pattern of transition between algorithms of different types
(displayed graphically in Fig. 5). This progression demonstrates that
the quality of predictions made by an algorithm in the scope of a
computational approach often depends on the quality of predic-
tions made by a preceding algorithm as well as on the quality of the
original biological data. Based on available algorithms and example
implementations, we can state that even though both stress related
gene identification and grouping algorithms (Type 1  and Type 2 )
are still evolving, confidence in Type 2  algorithm predictions is
sufficient to allow for a transition to causality inference (Type 3 ).
Type 3  algorithms have the potential to supply Type 4  and Type
5 algorithms with information about the structure of gene regula-
tory networks. This information will reduce the number of possible
functional relationships to consider for these types of algorithms
dramatically and thus allow for the increase in scope and predic-
tive power. Therefore, the perspective transitions shown in Fig. 5
will likely appear more often in future computational approaches
as reliability of Type 3  algorithms predictions increase.

Acknowledgements

This material is based upon work supported by the National
Science Foundation under Grant No. 1247427 and by the National
Science Foundation Graduate Research Fellowship under Grant No.
1252376. We  thank Rosangela Sozzani and Robert Franks for critical
reading of this manuscript.

References

[1] R. Mittler, E. Blumwald, Genetic engineering for modern agriculture: chal-
lenges and perspectives, Annu. Rev. Plant Biol. 61 (2010) 443–462.

[2] L. Vaahtera, M. Brosché, More than the sum of its parts – how to achieve a
specific transcriptional response to abiotic stress, Plant Sci. 180 (3) (2011)
421–430.

[3] W.  Wang, B. Vinocur, A. Altman, Plant responses to drought, salinity and
extreme temperatures: towards genetic engineering for stress tolerance,
Planta 218 (1) (2003) 1–14.

[4] A.E. Valdés, Forced adaptation: plant proteins to fight climate change, Front.
Plant Sci. 5 (2014) 762.

[5] J. Riechmann, J. Heard, G. Martin, L. Reuber, J. Keddie, L. Adam, O. Pineda,
O.  Ratcliffe, R. Samaha, R. Creelman, et al., Arabidopsis transcription factors:
genome-wide comparative analysis among eukaryotes, Science 290 (5499)
(2000) 2105–2110.

[6] M.K. Udvardi, K. Kakar, M.  Wandrey, O. Montanari, J. Murray, A. Andriankaja,
J.-Y. Zhang, V. Benedito, J.M. Hofer, F. Chueng, et al., Legume transcription
factors: global regulators of plant development and response to the environ-
ment, Plant Physiol. 144 (2) (2007) 538–549.

[7] R. Melzer, G. Theißen, MADS and more: transcription factors that shape the
plant, in: Plant Transcription Factors, Springer, 2011, pp. 3–18.

[8] G.R. Cramer, K. Urano, S. Delrot, M.  Pezzotti, K. Shinozaki, Effects of abiotic
stress on plants: a systems biology perspective, BMC  Plant Biol. 11 (1) (2011)
163.

[9] S. Friedel, B. Usadel, N. Von Wirén, N. Sreenivasulu, Reverse engineering: a
key  component of systems biology to unravel global abiotic stress cross-talk,
Front. Plant Sci. 3 (2012) 294.

[10] G. Krouk, J. Lingeman, A.M. Colon, G. Coruzzi, D. Shasha, et al., Gene regulatory
networks in plants: learning causality from time and perturbation, Genome
Biol. 14 (6) (2013) 123.

[11] C. Sima, J. Hua, S. Jung, Inference of gene regulatory networks using time-
series data: a survey, Curr. Genomics 10 (6) (2009) 416.

[12] K. Cho, S. Choo, S. Jung, J. Kim, H. Choi, J. Kim, Reverse engineering of gene
regulatory networks, Syst. Biol. IET 1 (3) (2007) 149–163.

[13] M. Hecker, S. Lambeck, S. Toepfer, E. van Someren, R. Guthke, Gene regu-
latory network inference: data integration in dynamic models – a review,
Biosystems 96 (1) (2009) 86.

[14] G. Karlebach, R. Shamir, Modelling and analysis of gene regulatory networks,
Nat.  Rev. Mol. Cell Biol. 9 (10) (2008) 770–780.

[15] A.M. Middleton, E. Farcot, M.R. Owen, T. Vernoux, Modeling regulatory
networks to understand plant development: small is beautiful, Plant Cell 24
(10) (2012) 3876–3891.

[16] N.J. Atkinson, P.E. Urwin, The interaction of plant biotic and abiotic stresses:
from  genes to the field, J. Exp. Bot. 63 (10) (2012) 3523–3543.

[17] C. de Sassi, J.M. Tylianakis, Climate change disproportionately increases her-
bivore over plant or parasitoid biomass, PLOS ONE 7 (7) (2012) e40557.

[18] J. Kilian, D. Whitehead, J. Horak, D. Wanke, S. Weinl, O. Batistic, C. D’Angelo, E.
Bornberg-Bauer, J. Kudla, K. Harter, The AtGenExpress global stress expression
data set: protocols, evaluation and model data analysis of UV-B light, drought
and cold stress responses, Plant J. 50 (2) (2007) 347–363.

[19] L. López-Maury, S. Marguerat, J. Bähler, Tuning gene expression to changing
environments: from rapid responses to evolutionary adaptation, Nat. Rev.
Genet. 9 (8) (2008) 583–593.

[20] R.F. Ditt, K.F. Kerr, P. de Figueiredo, J. Delrow, L. Comai, E.W. Nester, The
Arabidopsis thaliana transcriptome in response to Agrobacterium tumefaciens,
Mol. Plant Microbe Interact. 19 (6) (2006) 665–681.

[21] R.J. O’Connell, M.R. Thon, S. Hacquard, S.G. Amyotte, J. Kleemann, M.F. Torres,
U. Damm,  E.A. Buiate, L. Epstein, N. Alkan, et al., Lifestyle transitions in plant
pathogenic colletotrichum fungi deciphered by genome and transcriptome
analyses, Nat. Genet. 44 (9) (2012) 1060–1065.

[22] O. Windram, P. Madhou, S. McHattie, C. Hill, R. Hickman, E. Cooke, D.J. Jenkins,
C.A. Penfold, L. Baxter, E. Breeze, et al., Arabidopsis defense against Botrytis
cinerea:  chronology and regulation deciphered by high-resolution temporal
transcriptomic analysis, Plant Cell 24 (9) (2012) 3530–3557.

[23] B.-h. Lee, D.A. Henderson, J.-K. Zhu, The Arabidopsis cold-responsive transcrip-
tome and its regulation by ICE1, Plant Cell 17 (11) (2005) 3155–3175.

[24] A.S. Iyer-Pascuzzi, T. Jackson, H. Cui, J.J. Petricka, W.  Busch, H.  Tsukagoshi, P.N.
Benfey, Cell identity regulators link development and stress responses in the
Arabidopsis root, Dev. Cell 21 (4) (2011) 770–782.

[25] J.R. Dinneny, T.A. Long, J.Y. Wang, J.W. Jung, D. Mace, S. Pointer, C. Barron,
S.M. Brady, J. Schiefelbein, P.N. Benfey, Cell identity mediates the response of
Arabidopsis roots to abiotic stress, Science 320 (5878) (2008) 942–945.

[26] S. González-Pérez, J. Gutiérrez, F. Garcí a-Garcí a, D. Osuna, J. Dopazo, Ó.
Lorenzo, Ó. Lorenzo, J.L. Revuelta, J.B. Arellano, Early transcriptional defense
responses in Arabidopsis cell suspension culture under high-light conditions,
Plant Physiol. 156 (3) (2011) 1439–1456.

[27] T.J. Buckhout, T.J. Yang, W.  Schmidt, Early iron-deficiency-induced transcrip-
tional changes in Arabidopsis roots as revealed by microarray analyses, BMC
Genomics 10 (1) (2009) 147.

[28] T.A. Long, H. Tsukagoshi, W.  Busch, B. Lahner, D.E. Salt, P.N. Benfey, The bHLH
transcription factor POPEYE regulates response to iron deficiency in Arabidop-
sis  roots, Plant Cell 22 (7) (2010) 2219–2236.

[29] G. Krouk, P. Mirowski, Y. LeCun, D.E. Shasha, G.M. Coruzzi, et al., Predictive
network modeling of the high-resolution dynamic plant transcriptome in
response to nitrate, Genome Biol. 11 (12) (2010) R123.

[30] W.-D. Lin, Y.-Y. Liao, T.J. Yang, C.-Y. Pan, T.J. Buckhout, W.  Schmidt,
Coexpression-based clustering of Arabidopsis root genes predicts functional
modules in early phosphate deficiency signaling, Plant Physiol. (2011)
110.

[31] L. Rizhsky, H. Liang, J. Shuman, V. Shulaev, S. Davletova, R. Mittler, When
defense pathways collide. The response of Arabidopsis to a combination of
drought and heat stress, Plant Physiol. 134 (4) (2004) 1683–1696.

[32] S. Rasmussen, P. Barah, M.C. Suarez-Rodriguez, S. Bressendorff, P. Friis, P.
Costantino, A.M. Bones, H.B. Nielsen, J. Mundy, Transcriptome responses
to combinations of stresses in Arabidopsis, Plant Physiol. 161 (4) (2013)
1783–1794.

[33] C.M. Prasch, U. Sonnewald, Simultaneous application of heat, drought, and
virus to Arabidopsis plants reveals significant shifts in signaling networks,
Plant Physiol. 162 (4) (2013) 1849–1866.

[34] N. Sewelam, Y. Oshima, N. Mitsuda, M.  Ohme-Takagi, A step towards under-
standing plant responses to multiple environmental stresses: a genome-wide
study, Plant Cell Environ. 37 (9) (2014) 2024–2035.

[35] A. Hahn, J. Kilian, A. Mohrholz, F. Ladwig, F. Peschke, R. Dautel, K. Harter, K.W.
Berendzen, D. Wanke, Plant core environmental stress response genes are
systemically coordinated during abiotic stresses, Int. J. Mol. Sci. 14 (4) (2013)
7617–7641.

[36] J.L. Riechmann, Transcriptional regulation: a genomic overview, The Ara-
bidopsis Book 16 (1) (2002) 1.

[37] X. Cui, G.A. Churchill, et al., Statistical tests for differential expression in cDNA
microarray experiments, Genome Biol. 4 (4) (2003) 210.

[38] G.K. Smyth, J. Michaud, H.S. Scott, Use of within-array replicate spots for
assessing differential expression in microarray experiments, Bioinformatics
21 (9) (2005) 2067–2075.

[39] S. Anders, W.  Huber, Differential expression analysis for sequence count data,
Genome Biol. 11 (10) (2010) R106.

[40] M.D. Robinson, D.J. McCarthy, G.K. Smyth, edgeR: a bioconductor package for
differential expression analysis of digital gene expression data, Bioinformatics
26 (1) (2010) 139–140.

[41] K. Aoki, Y. Ogata, D. Shibata, Approaches for extracting practical information
from gene co-expression networks in plant biology, Plant Cell Physiol. 48 (3)
(2007) 381–390.

[42] B. Zhang, S. Horvath, et al., A general framework for weighted gene co-
expression network analysis, Stat. Appl. Genet. Mol. Biol. 4 (1) (2005) 1128.



 

143 

 

28 A. Koryachko et al. / Current Plant Biology 3-4  (2015) 20–29

[43] C.J. Wolfe, I.S. Kohane, A.J. Butte, Systematic survey reveals general appli-
cability of “guilt-by-association” within gene coexpression networks, BMC
Bioinform. 6 (1) (2005) 227.

[44] B. Usadel, T. Obayashi, M. Mutwil, F.M. Giorgi, G.W. Bassel, M. Tanimoto, A.
Chow, D. Steinhauser, S. Persson, N.J. Provart, Co-expression tools for plant
biology: opportunities for hypothesis generation and caveats, Plant Cell Envi-
ron. 32 (12) (2009) 1633–1651.

[45] I. Lee, B. Ambaru, P. Thakkar, E.M. Marcotte, S.Y. Rhee, Rational association of
genes with traits using a genome-scale gene network for Arabidopsis thaliana,
Nat. Biotechnol. 28 (2) (2010) 149–156.

[46] A. Gupta, C.D. Maranas, R. Albert, Elucidation of directionality for co-
expressed genes: predicting intra-operon termination sites, Bioinformatics
22  (2) (2006) 209–214.

[47] J. Ehlting, V. Sauveplane, A. Olry, J.-F. Ginglinger, N.J. Provart, D. Werck-
Reichhart, An extensive (co-) expression analysis tool for the cytochrome
P450 superfamily in Arabidopsis thaliana, BMC  Plant Biol. 8 (1) (2008) 47.

[48] K. Polanski, J. Rhodes, C. Hill, P. Zhang, D.J. Jenkins, S.J. Kiddle, A. Jironkin,
J.  Beynon, V. Buchanan-Wollaston, S. Ott, et al., Wigwams: identifying gene
modules co-regulated across multiple biological conditions, Bioinformatics
30  (7) (2014) 962–970.

[49] R. Balasubramaniyan, E. Hüllermeier, N. Weskamp, J. Kämper, Clustering of
gene expression data using a local shape-based similarity measure, Bioinfor-
matics 21 (7) (2005) 1069–1077.

[50] J. Nie, R. Stewart, H. Zhang, J. Thomson, F. Ruan, X. Cui, H. Wei, TF-Cluster: a
pipeline for identifying functionally coordinated transcription factors via net-
work decomposition of the shared coexpression connectivity matrix (SCCM),
BMC  Syst. Biol. 5 (1) (2011) 53.

[51] X. Cui, T. Wang, H.-S. Chen, V. Busov, H. Wei, Tf-finder: a software package
for  identifying transcription factors involved in biological processes using
microarray data and existing knowledge base, BMC  Bioinform. 11 (1) (2010)
425.

[52] H. Kishino, P.J. Waddell, Correspondence analysis of genes and tissue types
and  finding genetic links from microarray data, Genome Inform. 11 (2000)
83–95.

[53] A. Wille, P. Zimmermann, E. Vranová, A. Fürholz, O. Laule, S. Bleuler, L. Hennig,
A.  Prelic, P. von Rohr, L. Thiele, et al., Sparse graphical Gaussian modeling of the
isoprenoid gene network in Arabidopsis thaliana, Genome Biol. 5 (11) (2004)
R92.

[54] J. Schäfer, K. Strimmer, An empirical bayes approach to inferring large-scale
gene association networks, Bioinformatics 21 (6) (2005) 754–764.

[55] P. D’haeseleer, et al., How does gene expression clustering work? Nat. Bio-
technol. 23 (12) (2005) 1499–1502.

[56] C. Ma,  M.  Xin, K.A. Feldmann, X. Wang, Machine learning-based differential
network analysis: a study of stress-responsive transcriptomes in Arabidopsis,
Plant Cell 26 (2) (2014) 520–537.

[57] G. Altay, F. Emmert-Streib, Inferring the conservative causal core of gene
regulatory networks, BMC Syst. Biol. 4 (1) (2010) 132.

[58] A.A. Margolin, I. Nemenman, K. Basso, C. Wiggins, G. Stolovitzky, R.D. Favera,
A.  Califano, ARACNE: an algorithm for the reconstruction of gene regulatory
networks in a mammalian cellular context, BMC  Bioinform. 7 (Suppl 1) (2006)
S7.

[59] R. Steuer, J. Kurths, C.O. Daub, J. Weise, J. Selbig, The mutual information:
detecting and evaluating dependencies between variables, Bioinformatics 18
(suppl 2) (2002) S231–S240.

[60] S. Kumari, J. Nie, H.-S. Chen, H. Ma,  R. Stewart, X. Li, M.-Z. Lu, W.M.  Taylor,
H.  Wei, Evaluation of gene association methods for coexpression network
construction and biological knowledge discovery, PLOS ONE 7 (11) (2012)
e50411.

[61] C. Ma, X. Wang, Application of the gini correlation coefficient to infer regu-
latory relationships in transcriptome analysis, Plant Physiol. 160 (1) (2012)
192–203.

[62] L. Rueda, A. Bari, A. Ngom, Clustering time-series gene expression data with
unequal time intervals, in: Transactions on Computational Systems Biology
X,  Springer, 2008, pp. 100–123.

[63] M.  Triska, D. Grocutt, J. Southern, D.J. Murphy, T. Tatarinova, cisExpress: motif
detection in DNA sequences, Bioinformatics 29 (17) (2013) 2203–2205.

[64] S. Martin, Z. Zhang, A. Martino, J. Faulon, Boolean dynamics of genetic regu-
latory networks inferred from microarray time series data, Bioinformatics 23
(7) (2007) 866–874.

[65] S. Van Dongen, A cluster algorithm for graphs, Rep. Inf. Syst. (10) (2000) 1–40.
[66] W.I. Mentzen, E.S. Wurtele, Regulon organization of Arabidopsis, BMC  Plant

Biol. 8 (1) (2008) 99.
[67] Y. Zhang, H. Zha, C.-H. Chu, A time-series biclustering algorithm for revea-

ling co-regulated genes, in: Information Technology: Coding and Computing,
2005. ITCC 2005, vol. 1, IEEE, 2005, pp. 32–37.

[68] P. Tamayo, D. Slonim, J. Mesirov, Q. Zhu, S. Kitareewan, E. Dmitrovsky,
E.S. Lander, T.R. Golub, Interpreting patterns of gene expression with self-
organizing maps: methods and application to hematopoietic differentiation,
Proc. Natl. Acad. Sci. U. S. A. 96 (6) (1999) 2907–2912.

[69] M.B. Eisen, P.T. Spellman, P.O. Brown, D. Botstein, Cluster analysis and display
of  genome-wide expression patterns, Proc. Natl. Acad. Sci. U. S. A. 95 (25)
(1998) 14863–14868.

[70] B.J. Frey, D. Dueck, Clustering by passing messages between data points, Sci-
ence 315 (2007) 972–976.

[71] X. Li, Y. Ye, M.  Ng, Q. Wu,  MultiFacTV: module detection from higher-order
time series biological data, BMC  Genomics 14 (Suppl 4) (2013) S2.

[72] J.-X. Liu, C.-H. Zheng, Y. Xu, Extracting plants core genes responding to abiotic
stresses by penalized matrix decomposition, Comput. Biol. Med. 42 (5) (2012)
582–589.

[73] T. Chen, V. Filkov, S.S. Skiena, Identifying gene regulatory networks from
experimental data, in: Proceedings of the Third Annual International Con-
ference on Computational Molecular Biology, ACM, 1999, pp. 94–103.

[74] A.T. Kwon, H.H. Hoos, R. Ng, Inference of transcriptional regulation relation-
ships from gene expression data, Bioinformatics 19 (8) (2003) 905–912.

[75] W.A. Schmitt, R.M. Raab, G. Stephanopoulos, Elucidation of gene interaction
networks through time-lagged correlation analysis of transcriptional data,
Genome Res. 14 (8) (2004) 1654–1663.

[76] W.  Zhao, E. Serpedin, E.R. Dougherty, Inferring gene regulatory networks from
time series data using the minimum description length principle, Bioinfor-
matics 22 (17) (2006) 2129–2135.

[77] P.C. Ma,  K.C. Chan, Inferring gene regulatory networks from expression data
by  discovering fuzzy dependency relationships, IEEE Trans. Fuzzy Syst. 16 (2)
(2008) 455–465.

[78] H. Redestig, D. Weicht, J. Selbig, M.A. Hannah, Transcription factor target pre-
diction using multiple short expression time series from Arabidopsis thaliana,
BMC Bioinform. 8 (1) (2007) 454.

[79] D. Heckerman, A tutorial on learning with Bayesian networks, Innov. Bayesian
Netw. (2008) 33–82.

[80] N. Friedman, M.  Linial, I. Nachman, D. Pe’er, Using Bayesian networks to ana-
lyze expression data, J. Comput. Biol. 7 (3–4) (2000) 601–620.

[81] K. Murphy, S. Mian, et al., Modelling gene expression data using dynamic
Bayesian networks, Tech. rep., Technical Report, Computer Science Division,
University of California, Berkeley, CA, 1999.

[82] N. Dojer, A. Gambin, A. Mizera, B. Wilczyński, J. Tiuryn, Applying dynamic
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CHAPTER 7 

Clustering and Differential Alignment Algorithm: Identification of Early Stage 

Regulators in the Arabidopsis thaliana Iron Deficiency Response.  
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Abstract
Time course transcriptome datasets are commonly used to predict key gene regulators
associated with stress responses and to explore gene functionality. Techniques developed
to extract causal relationships between genes from high throughput time course expression
data are limited by low signal levels coupled with noise and sparseness in time points. We
deal with these limitations by proposing the Cluster and Differential Alignment Algorithm
(CDAA). This algorithm was designed to process transcriptome data by first grouping genes
based on stages of activity and then using similarities in gene expression to predict influen-
tial connections between individual genes. Regulatory relationships are assigned based on
pairwise alignment scores generated using the expression patterns of two genes and some
inferred delay between the regulator and the observed activity of the target. We applied the
CDAA to an iron deficiency time course microarray dataset to identify regulators that influ-
ence 7 target transcription factors known to participate in the Arabidopsis thaliana iron defi-
ciency response. The algorithm predicted that 7 regulators previously unlinked to iron
homeostasis influence the expression of these known transcription factors. We validated
over half of predicted influential relationships using qRT-PCR expression analysis in mutant
backgrounds. One predicted regulator-target relationship was shown to be a direct binding
interaction according to yeast one-hybrid (Y1H) analysis. These results serve as a proof of
concept emphasizing the utility of the CDAA for identifying unknown or missing nodes in
regulatory cascades, providing the fundamental knowledge needed for constructing predic-
tive gene regulatory networks. We propose that this tool can be used successfully for similar
time course datasets to extract additional information and infer reliable regulatory connec-
tions for individual genes.
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Introduction
Transcriptome studies are commonly used to assess differential gene activity. Differentially
expressed genes identified as having DNA binding activity, termed Transcription Factors
(TFs), are of interest due to their ability to control the activation and repression of gene expres-
sion, directly influencing the accumulation of RNA and proteins that control growth and stress
responses. Given the importance of transcription factors in plant stress responses, develop-
ment, and cell differentiation [1], the identification of key plant transcriptional regulators and
their targets continues to be an area of intense research. Though many high throughput time
course transcriptomic datasets are available, the prediction of regulator-target relationships
between individual genes from these datasets remains an on-going area of research.

Much of what has been inferred from time course transcriptomic analysis regarding tran-
scription factor involvement in stress responses comes from visual assessment of gene expres-
sion behavior followed by mutant screens [2–6]. These techniques are limited at inferring
regulatory relationships between genes. Moreover, mutant screens in the absence of specific
predictions can be time consuming and genes without mutant phenotypes are often disre-
garded. This lack of mutant phenotypes is because the combinatorial and often redundant
function of a gene in a pathway results in the absence of a dramatic phenotype, making experi-
mental identification and verification difficult. Computational inference approaches can
increase our understanding of transcription factor involvement in stress response by creating
testable hypotheses concerning regulatory relationships, revealing networks of interactions
that could be easily missed when using mutant screens. Many regulatory network inference
algorithms that use gene expression data start with a refined set of genes to generate predic-
tions. These algorithms, therefore, can require extensive prior knowledge and are most appro-
priate for inferring structure [7–9] and/or mathematical relationships [10–12] based on a
subset of genes consisting of known major players in the response. There remains a need for
further development of computational algorithms that are able to predict gene regulatory rela-
tionships based on a full transcriptomic dataset with little prior knowledge.

We sought to develop such a computational approach to identify key regulator-target rela-
tionships involved in the iron deficiency stress response in Arabidopsis thaliana. Iron deficiency
is a useful stress to help develop and test such an algorithm because: (1) iron homeostasis is
tightly regulated by transcription factors [13]; (2) a previously published iron deficiency time
course microarray data in A. thaliana roots was available [2, 4]; and (3) several transcription fac-
tors involved in iron deficiency homeostasis have been characterized and understanding the reg-
ulation of these transcription factors would be valuable to assist in the development of future
applications in agriculture.

Previous iron deficiency studies have led to the identification of several key iron homeostasis
transcription factors including bHLH39 [14], bHLH101 [15], bHLH115 [4], PYE [4],MYB10
[6],MYB72 [6], and BTS [4, 16, 17]. These genes have altered expression after 12 hours of expo-
sure to iron deficient conditions [4]. Little is known about transcription factors that are active
before 12 hours or about how early regulators target or influence the expression of known iron
homeostasis transcription factors. We focused on formulating and implementing a computa-
tional approach that can be applied to the iron deprivation dataset in Dinneny et al. [2] as well
as other typical transcriptome time course datasets (microarray or RNA-Seq) to identify
unknown regulator-target relationships under a series of challenges (e.g. missing prior informa-
tion) that are common to other stress analyses. Given that more than 80% of biological
time course stress datasets in A. thaliana include less than 8 (typically unevenly spaced) time
points [18] and 3 or less replicates [2, 19, 20], we focused on addressing the identification of
relationships in low resolution, unevenly sampled, and noisy time course data. We focused on

CDAA Identifies Iron Deficiency Regulators in A. thaliana

PLOSONE | DOI:10.1371/journal.pone.0136591 August 28, 2015 2 / 21

Competing Interests: The authors have declared
that no competing interests exist.



 

149 

 

formulating an algorithm that can work on as few as 4 time points. Effectiveness of the algo-
rithm would in all likelihood increase with additional time resolution, particularly depending on
the timing of the biological process of interest and sampling point selection with respect to this
process. We also wanted to create an algorithm whose output is in the form of regulator-target
connections between individual genes. An algorithm of this type would identify players involved
in a transcriptional response cascade. With these players known and validated, further computa-
tional tools can be used to create more complex and predictive gene regulatory networks that
capture the response of corresponding biological processing over time and that can be used to
make predictions on various experimental scenarios [21]. A critical aspect of this is that the
algorithm should result in a manageable set of putative candidates that can be experimentally
validated. We emphasize here that in the case of the iron deficiency response, very few genetic
players have been identified. This lack of knowledge prevents the accurate development of a
dynamic gene regulatory network of the iron deficiency response. It is the case for this and
many other stresses that identification of these initial set of players and relationships is a funda-
mental step toward the dynamic modeling and further analysis of these responses.

Although several gene regulatory connection inference algorithms exist in the literature [7,
22–24], the characteristics of the iron deprivation dataset and insufficient prior knowledge
about interactions between iron response regulators present unique challenges that must be
addressed. Gene regulatory network inference algorithms presented in the literature are shown
in Table 1; none of which fully address the challenges associated with iron response analysis.
Some algorithms require expression data from a limited set of genes [7–9] where others use
expression data from evenly spaced time course experiments [24–26]. Some algorithms do not
resolve regulator-target interactions between individual genes and focus more on broad rela-
tionships between clusters of genes [22]. In particular, a recent time-course based computa-
tional approach presented in Windram et al. [22] looked at formulating regulatory connections
between plant transcription factor families in response to pathogen infection. By analyzing 24
equally spaced transcriptome samples under stressed and unstressed conditions, the authors
were able to infer connections between clusters of genes that responded at different time stages.
Using this approach to extract specific regulators that influence known iron homeostasis tran-
scription factors would be challenging since inter-cluster connections do not imply relation-
ships between all genes from the connected clusters [27]. Other algorithms that extract causal
influences between pairs of genes, such as the Event Method algorithm in Kwon et al. [24], can
be modified to analyze general datasets with uneven time course measurements. However,
these algorithms can result in an extensive number of pairwise predictions. The application of
a modified Event Method algorithm to the iron deprivation dataset yielded results that were
unable to resolve the roles (regulator/target) for a significant number of individual gene pairs.
Moreover, most connections that we found and experimentally validated were not resolved by
the modified algorithm, as detailed in the Results section. Other algorithms require multiple
transcriptome datasets [28, 29] or predict connections between genes based on correlation [30,
31], which without modification ignore temporal evidence provided by the type of dataset [24]
and are likely to result in the prediction of coexpressed genes rather than regulator-target
relationships.

We developed the Cluster and Differential Alignment Algorithm (CDAA) to address the
unique challenges associated with better understanding regulator-target interactions in the
iron deprivation stress response. Key aspects of the algorithm include co-expression analysis
[32] to associate each gene with a stage in the response process, relevance network inference
techniques [33] to identify causal relationships between genes, and thresholding [18] to miti-
gate the effects of noise in the data. The algorithm groups genes showing transcriptional activ-
ity at different time intervals into stages and looks for similarities in expression behavior of
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genes in adjacent stages considering a delay in order to make regulatory predictions. We
applied the CDAA to iron deficiency microarray time course data from Dinneny et al. [2] to
identify putative regulators involved in the control of known iron homeostasis transcription
factors. Our results revealed distinct stages of the transcriptional response during 72 hours of
exposure to iron deficient conditions. We identified transcription factors that are active within
the first 12 hours of iron deficiency and experimentally validated their influence on 7 known
iron transcription factors using quantitative real-time PCR (qRT-PCR). A majority (53%) of
such influential predictions were validated, and one relationship was shown to be a direct bind-
ing interaction through yeast one-hybrid (Y1H) analysis. The CDAA was able to make testable
and valid predictions that extend our understanding of the iron deficiency transcriptional cas-
cade and can be used on comparable datasets to obtain a better understanding of regulatory
responses in a variety of conditions.

Results and Discussion
We developed the Cluster and Differential Alignment Algorithm (CDAA) to make testable
predictions about regulatory influences based on time course transcriptome data. The CDAA
contains three consecutive steps: Stage Separation, Gene to Stage Assignment, and Interaction
Inference. These steps, implemented in MatLab source code for the CDAA (S1 File), delimit
temporal stages of cascaded stress response, distribute differentially expressed genes across
these stages based on expression activity, and identify potential regulations between genes in
adjacent stages. The CDAA uses time course transcriptome data as an input and assumes that
differential expression analysis has already been implemented based on specifics associated
with the experimental approach (i.e. microarray [34] or RNA-Seq [35, 36]). It is important to
note that as the CDAA operates solely on gene expression data, any posttranscriptional regula-
tion will not be captured by its predictions. The algorithm starts by calculating normalized
expression values to enforce compatibility across datasets obtained using different approaches:

giðtk Þ ¼
grawi ðtk Þ $ !g raw

i

sgrawi

; i ¼ 1; . . . ; P; k ¼ 1; . . . ;N; ð1Þ

where grawi ðtk Þ is the raw expression value of differentially expressed gene i at the k -th time
point, !g raw

i and sgrawi
are the mean and standard deviation of the raw expression values, P is the

number of differentially expressed genes, and N is the number of sampling time points.

Table 1. Regulatory interactions inference algorithms.

Paper Algorithm Capabilities

Whole genome analysis Uneven time course Causality inference Pairwise connections

Windram et al. [22] ✔ ✔

Nie et al. [23] ✔ ✔ ✔

Kwon et al. [24] ✔ ✔ ✔

Bickel et al. [25]

Schmitt et al. [26]

Barker et al. [7] ✔ ✔ ✔

Zhao et al. [8]

Misra et al. [9]

doi:10.1371/journal.pone.0136591.t001
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CDAA—Stage Separation
The first step of the CDAA separates a time course of all differentially expressed genes into dis-
tinct stages based on their transcriptional activity. This provides a mechanism to computation-
ally assess the dynamic landscape of a transcriptional cascade. Stage separation is based on
the assumption that transcriptional cascades are characterized by waves of activity, with early
transcription factor activity (Initiation) triggering expression activity in subsequent stages
(Response). Time intervals where groups of genes exhibit high expression activity can be iden-
tified and separated. The Stage Separation step of the CDAA assigns borders between dynamic
stages by identifying the time interval where the majority of differentially expressed genes have
their largest change in expression. This is based on the assumption that waves of expression
activity increase in magnitude as they propagate until peak activity is reached.

The CDAA first normalizes changes in expression with respect to time using the difference
in sample times to account for unevenly spaced time course data, typical in available time
course datasets [2, 19, 20]. This allows the CDAA to compare small expression changes over
small time intervals and large expression changes over large time intervals without bias. The
normalized change in expression of gene gi over the time interval (tk ,tk +1) is defined as:

sðgi; k Þ ¼
giðtk þ 1Þ % giðtk Þ

tk þ 1 % tk
; k ¼ 1; . . . ;N % 1: ð2Þ

Each gene gi is then assigned to a set Gn, 1 & n & N − 1, if its maximum change in expression
appears at the time interval (tn,tn+1) (s(gi,n) = maxk = 1,. . .,N − 1 s(gi,k )). The set Gb, 1 & b & N
− 1, with maximum cardinality (number of elements) represents the time interval where the
majority of genes have their highest activity, leading to assignment of the time boundary tb at
the time point preceding this interval. We refer to this boundary as the Initiation-Response
(I-R) boundary. All time intervals to the left of the I-R boundary are denoted as the Initiation
stage and all time intervals to the right of the I-R boundary are denoted as the Response stage.
The Response stage can then be subdivided into Primary and Secondary response to account
for genes that start exhibiting a change in expression directly after the I-R boundary or after
some delay (Fig 1).

The approach above provides a systematic way of preliminarily partitioning genes based on
the hypothesis that the activity of a few genes (Initiation stage) triggers later activity of a large
set of genes (Response stage). The presence, characteristics, and duration of these stages will
differ from process to process and dataset to dataset. The sampling scheme of the dataset will
heavily influence the presence/duration of the Initiation stage, existence of a Secondary or even
Tertiary response in the Response stage, and/or multiple I-R boundaries. The primary goal of
this initial partitioning is to capture at least two distinct stages that would allow for later extrac-
tion of regulator (stage 1 gene) / target (stage 2 gene) interactions. A sampling scheme that
results in less than two stages, which is highly unlikely to occur, would result in a dataset where
regulator-target interactions would be difficult to predict.

CDAA—Gene to Stage Assignment
The second step of the CDAA further characterizes activity in the Initiation, Primary Response,
and Secondary Response stages and assigns genes to these stages based on their expression pat-
terns. Genes are assigned to a specific stage based on the time intervals where expression activ-
ity for that gene is first seen. For example, genes active during the Initiation stage are classified
as Initiation genes, regardless of their expression activity during subsequent stages. This assign-
ment is determined using a stage specific clustering scheme. This scheme clusters expression
values across the different stages, starting first with time points corresponding to the Initiation
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stage then iteratively adding time points from subsequent stages. This approach enables stage
specific clustering, allowing for the effective partitioning of activity at each stage while elimi-
nating the effect that dominant expression activity over small intervals can have on whole time
course clustering. Clustering using Initiation stage time points starts by centering the expres-
sion values for all genes:

gIi ðtk Þ ¼ giðtk Þ $ !g I
i ; i ¼ 1; . . . ; P; k ¼ 1; . . . ; b; ð3Þ

where !g I
i is the mean gene expression value for gene gi over time points tk % tb. The number of

clusters chosen is not fixed and varies depending on the dataset. The ultimate goal of clustering
is to partition genes into clusters that show activity during the Initiation stage and a cluster of
genes that show little to no activity during the Initiation stage. This can be achieved heuristi-
cally or via cluster number defining techniques [37 , 38 ]. Genes belonging to clusters with activ-
ity during the Initiation stage are assigned to the Initiation stage and genes with no apparent
activity are assigned to the Response stage. Response stage genes are centered again, this time
using expression values corresponding to Initiation and Primary Response stages:

gRj ðtk Þ ¼ gjðtk Þ $ !gR
j ; j ¼ 1; . . . ; P $ PI ; k ¼ 1; . . . ; b þ c: ð4 Þ

Here PI represents the number of genes assigned to the Initiation stage, !g R
j is the mean expres-

sion value for gj,j = 1,. . .,P − PI, over time points tk % tb+c, and c stands for the number of inter-
vals in the Primary Response stage. Clustering is applied for a second time to isolate a group of
genes with no activity after extending the time range. Genes belonging to active clusters are
classified as Primary Response genes and genes belonging to the inactive cluster are Secondary
Response genes. This incremental approach to clustering allows for the identification of waves
of activity—the first wave containing clusters of genes active during the Initiation stage, the

Fig 1. Gene to Stage Assignment.Genes active before the Initiation-Response (I-R) boundary are assigned to the INITIATION STAGE. Genes that start
their activity after the I-R boundary are assigned to the RESPONSE STAGE. Primary response genes are active right after the I-R boundary and Secondary
response genes are active later.

doi:10.1371/journal.pone.0136591.g001
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second wave containing clusters of genes whose activity starts at the Primary Response stage,
and the final wave containing clusters of genes active only at the Secondary Response stage.
This process can be adjusted based on the number of stages identified in the dataset.

CDAA—Interaction Inference
The final step of the CDAA predicts putative regulatory relationships between genes in adja-
cent stages. This step is based on the assumption that the expression activity of regulator genes
in one stage will be reflected in the expression activity of corresponding target genes in a subse-
quent stage with some delay in regulation [24, 26, 39]. Regulators are selected from genes clas-
sified in one particular stage and targets are selected from genes classified in the subsequent
adjacent stage (i.e. Initiation and Primary Response). The Interaction Inference procedure uses
changes in expression over time rather than expression values to assess trend similarities
between putative regulators and targets. Changes in expression values are first normalized with
respect to maximum change:

snðgi; k Þ ¼
sðgi; k Þ

max
1$ n$ N% 1

jsðgi; nÞj
; k ¼ 1; . . . ;N % 1: ð5Þ

Here, sn(gi, k ) is a signal that ranges from –1 to 1 over all k , where a value of –1 (or 1) corre-
sponds to the largest negative (or positive) change.

The signal sn(gi, k ) is discrete (one value represents an entire time interval), which limits the
assessment of delayed similarities between a target gene, gT, and some putative regulator, gR.
This problem is exacerbated when samples are sparse and non-uniform. The CDAA assigns
values at intermediate time points by assuming that the change in expression is constant
between sample time points. This assumption results in a zeroth-order approximation of sn(gi,
k ):

s0nðgi; tÞ ¼ snðgi; k Þ; tk < t $ tk þ 1; k ¼ 1; . . . ;N % 1: ð6Þ

Next, a dissimilarity score between the approximated expression change signal of a candi-
date regulator, s0nðgR; tÞ, and a delayed (shifted) version of the approximated expression change
signal of a candidate target, s0nðgT ; t þ DtÞ, is calculated using a modification of pattern align-
ment technique [7, 40]. A smaller dissimilarity score corresponds to a higher chance that the
behavior in the regulator influences the expression activity of the target. Dissimilarity scores
are calculated for a candidate pair, (gR, gT), for a set of delays:

dðgR; gT ;mDTÞ ¼ 1

M

X

ti2T
js0nðgR; tiÞ % s0nðgT ; ti þ mDTÞj; m ¼ 0; 1; . . . ;M % 1; ð7Þ

where T is the set of time points in the regulator’s stage, ΔT is the largest common divisor of
the time intervals in the time course data, and M represents the maximum number of ΔT that
can fit in each time interval corresponding to regulator’s and target’s stages. The resulting dis-
similarity score quantifies likelihood of a positive influence between a regulator and its target
assuming similar, yet delayed, expression behavior. Dissimilarity scores for the inverted regula-

tor expression d̂ðgR; gT ;mDTÞ are also calculated to detect possible negative influences. The
smaller of d(gR,gT,mΔT) and d̂ðgR; gT ;mDTÞ is taken for each time delaymΔT, and the pre-
dicted influence type (positive or negative regulation) is recorded. Dissimilarity scores for a
potential target are organized into a dissimilarity table where rows correspond to potential reg-
ulators and columns to delays. Rows at which the minimal dissimilarity score is achieved at a
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delay of 0 hrs are discarded to avoid assigning a regulatory connection between genes that are
co-expressed.

Noise in expression data can often disrupt the accuracy of alignment algorithms [18]. The
algorithm addresses the possibility that some small changes in gene activity may be due to
experimental error or noise by applying thresholding to normalized gene expression changes,
s0nðgi;mDTÞ, to convert changes into events of upregulation (1), downregulation (–1), or no
regulation (0) [24]:

s0n;thrðgi; tjÞ ¼

1; if s0nðgi;mDTÞ > thr;

0; if js0nðgi;mDTÞj < thr;

$ 1; if s0nðgi;mDTÞ < $ thr:

ð8Þ

8
>>><

>>>:

Dissimilarity tables for multiple thresholded versions of the signal s0n;thrðgi;mDTÞ along with
the unthresholded version, s0nðgi;mDTÞ, are generated. Different threshold values assume dif-
ferent levels of noise and will result in different dissimilarity tables for the same potential target.
A maximum dissimilarity cutoff is used to identify candidate regulators that are more likely to
influence a potential target at each threshold. Consensus over multiple thresholds results in
CDAA regulatory predictions that can be experimentally validated.

Application of the CDAA
We applied the CDAA to the iron deficiency dataset from Dinneny et al. [2] with P = 2754 dif-
ferentially expressed genes sampled at N = 7 time points in Arabidopsis thaliana roots 0, 3, 6,
12, 24, 48, and 72 hours after exposure to iron deficient conditions (S2 File). Differentially
expressed genes were defined in Long et al. [4] as genes that were at least 1.5-fold differentially
regulated with a false discovery rate (Q-value) less than 10−4. We maintained this designation
for application of the CDAA. We calculated changes in expression for each differentially
expressed gene using Eq (2) and assembled the sets Gn,n = 1,. . .,6, with genes whose maximum
change occurs over the interval (tn, tn+1). The number of genes in each set Gn (cardinality) is
shown in Fig 2. The set G4, corresponding to the interval between 12 and 24 hrs, contains the
maximum number of genes. We assigned the I-R boundary to the time point preceding this
interval, tb = 12 hrs (b = 4), and defined the stages as Initiation: 0 % t % 12 hrs and Response:
12< t % 72 hrs. We assigned Primary Response (defined as the interval of high activity follow-
ing the I-R boundary) to 12< t % 24 hrs. The transcriptional iron deficiency response as
described by the CDAA, therefore, has at least 3 waves of activity, with the first wave ending at
12 hours.

After the Stage Separation step, we clustered all differentially expressed genes based on
expression patterns during the Initiation stage for Gene to Stage Assignment (Fig 3). We chose
k-means clustering for this procedure since it is not as computationally intensive as hierarchi-
cal clustering or self-organizing maps but is shown to produce similar results when applied to
transcriptome datasets [38]. Clustering revealed four behavioral patterns: decrease in expres-
sion (Fig 3A), increase in expression (Fig 3B), oscillatory behavior (Fig 3C), and no change in
expression (Fig 3D). We assigned genes from Clusters 1 through 3 to the Initiation stage, and
used the inactive Cluster 4 for the second round of clustering. Cluster 4 contained 1752 genes
(63% of all genes in the dataset) and 97 known transcription factors (72% of all known tran-
scription factors in the dataset). Hence, the majority of activity associated with iron deficiency
occurs after 12 hours of exposure. Clusters 1 through 3 contain 36 transcription factors, none
of which have so far been implicated in the iron deficiency response, meaning that these
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regulators may trigger the plant’s overall response to the stress. The list of genes annotated as
transcription factors is shown in S3 File.

We added the Primary Response stage time point t5 = 24 hrs to the expression patterns to
classify the remaining genes. The results of clustering applied to Cluster 4 after adding the 24
hrs time point are shown in Fig 4. Genes from Clusters 4.2 and 4.4 show a rise in expression
after 12 hours, genes from Cluster 4.1 show a decrease in expression, and genes from Cluster
4.3 are inactive during the whole interval from 0 to 24 hours. Thus, we assigned genes from
Clusters 4.1, 4.2, and 4.4 to the Primary Response stage. Cluster assignments for each gene are
listed in S4 File.

We selected 7 transcription factors with published roles in the iron deficiency response and
used the Interaction Inference stage of the CDAA to predict relationships involving these genes
as a means of focusing validation to a feasible set. We were limited to genes that were present
in the Affymetrix chip used for this particular expression analysis. Therefore, transcriptome
data for the master iron deficiency regulator FIT1 and its heterodimer partner bHLH38 were
not available for analysis by the CDAA. The known iron homeostasis transcription factors cho-
sen for this study were bHLH39 [14], bHLH101 [15 ], bHLH115 [4], PYE [4],MYB10 [6 ],
MYB72 [6 ], and BTS [4, 16 ].

All 7 known iron related transcription factors were assigned to the Primary Response stage
by the CDAA (bHLH39, bHLH101, and bHLH115 appeared in Cluster 4.2 and the remaining
transcription factors appeared in Cluster 4.4). We hypothesized that regulators from the Initia-
tion stage (Clusters 1–3) may be responsible for influencing the known iron homeostasis tran-
scription factors. Since the Initiation stage regulators and known iron transcription factors
appeared in adjacent stages, we applied the CDAA to test this hypothesis.

We calculated normalized changes in expression for each transcription factor from the Initi-
ation stage (regulator) and each known iron transcription factor (target). The largest common
divisor for time intervals in Initiation and Response stages is 3 hours, so this value served as the
delay step size (i.e. ΔT = 3 hours). Since each stage is 12 hours long, a maximum of 4ΔT can fit
in each stage (i.e.M = 4).

Fig 2. Number of genes in each gene set (cardinality).Gene set Gn, n = 1,. . .,6, is comprised of genes
whose maximum change occurs over the interval (tn, tn+1).

doi:10.1371/journal.pone.0136591.g002
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We selected thresholds for the noise reduction portion of the Interaction Inference step to
account for different levels of signal fluctuations. We first applied a set of thresholds to Initiation
Stage gene expression changes, sn(gi, k ), k = 1,. . .,4, to obtain the average number of changes per
gene above the threshold (Fig 5). Based on these results, we set thresholds equal to 0.2 and 0.4 so
that 25% and 50% of possible changes per gene, respectively, were attributed to noise. Using
these thresholds, we produced two more versions (s0n;0:2ðgi;mDTÞ and s0n;0:4ðgi;mDTÞ) of the nor-
malized change in expression signal s0nðgi;mDTÞ for each regulator from the Initiation stage and
each known iron transcription factor.

We calculated dissimilarity values between all regulators from the Initiation stage and one
of the targets, PYE, at multiple time delays for each threshold and organized them into dissimi-
larity tables (S1 Fig). We chose a cutoff of 0.4 to remove potential regulators with high dissimi-
larity over all delays. This cutoff produces a testable number of predicted regulators (3–5) per
target. A deviation by 0.1 from this value adds or eliminates 1 to 3 candidate regulators. The 4
regulators that appeared in 2 out of 3 dissimilarity tables were assigned as potential regulators
of PYE (Table 2).

Using the same procedure, we determined potential regulators for the remaining targets, for
which dissimilarity tables are shown in S5 File. All 7 targets were predicted to be regulated by a
set of 7 regulators. These predictions resulted in a small network of interactions containing
14 nodes and 32 edges (Fig 6). The majority of the edges (26 out of 32) were predicted to be

Fig 3. 4 points based clustering. Clustering based on centered expression values gI
iðtkÞ; i ¼ 1; . . . ; 2754; k ¼ 1; . . . ; 4. ngenes—number of genes in each

cluster and nTF—number of Transcription Factors in each cluster.

doi:10.1371/journal.pone.0136591.g003
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positive regulations. 6 of the 7 regulators are named genes, though only 3 have been character-
ized (WRKY57 [41, 42], ASIL2 [43, 44], and LRL3 [45]) and none are currently linked to iron
homeostasis. The remaining regulator (At2g36720) was named Early Transcription Factor 9
(ETF9).

Validation of predicted relationships
We used quantitative real time PCR (qRT-PCR) to validate predicted regulator-target relation-
ships by measuring transcript of targets in a background with significantly altered expression
of the predicted regulator. Ideally, multiple mutant alleles could be tested for each regulator,
but due to limited availability of lines with significantly altered expression, only one mutant
allele per regulator was tested (with the exception of ASIL2 for which 2 lines were tested and
LRL3 for which no suitable line was identified during validation). We sequenced insertion loca-
tions; 4 are exonic (etf9-1, asil2-1,myb55-1, and asil2-2), 2 are intronic (wrky57-3 and col4-1),
and 1 is in a promoter (obp4-1) (S2 Fig). Insertions in the introns and promoter led to reduced
regulator expression and no full product was made in mutants with exon insertions (S3 Fig, S4
Fig, S5 Fig). We measured transcript levels of predicted targets for each regulator in the mutant
backgrounds as compared to wild-type (either Col-0 or Ler) in 7 day old seedlings, 3 days
after shift from iron sufficient to deficient media (Fig 7, S4 Fig). We considered target expres-
sion significantly affected if it differed from wild-type values with a p-value of 0.05 or less. We

Fig 4. 5 points based subclustering.Clustering based on centered expression values gR
j ðtkÞ; j ¼ 1; . . . ; 1752; k ¼ 1; . . . ; 5. ngenes—number of genes in

each cluster and nTF—number of Transcription Factors in each cluster.

doi:10.1371/journal.pone.0136591.g004
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considered significantly altered target expression in either direction as support for an influen-
tial relationship and considered altered expression in the correct direction (i.e. lower target
expression in the mutant of a predicted positive influencer) as support for a specific type of
influential relationship. In the case of ASIL2, for which 2 mutant lines were available, we con-
sidered significantly affected expression in either mutant line as support.

Based on qRT-PCR results, we were able to validate 17 out of 32 influential relationships
(53%) (S6 Fig). Interestingly, though a majority of influential relationships were validated,

Fig 5. Average number of changes above the threshold per gene.Changes in expression (sn(gi, k),
k = 1,. . .,4) for Initiation stage genes were thresholded with a range of cutoff values. The graph shows the
average number of changes that exceed the threshold per gene out of 4 possible changes.

doi:10.1371/journal.pone.0136591.g005

Table 2. PYE dissimilarity tables summary.

Regulator Differential pattern

No Thr. Thr. = 0.2 Thr. = 0.4

ASIL2 ✔ ✔ ✔

ETF9 ✔ ✔

WRKY57 ✔ ✔

MYB55 ✔ ✔

GNU1 ✔

TG ✔

LRL3 ✔

WRKY26 ✔

RD26 ✔

COL4 ✔ ✔

TGA2 ✔

OBP4 ✔

Table lists regulators that appeared in dissimilarity tables for each thresholded version of expression
patterns. Regulators that appeared for at least 2 patterns (ASIL2, ETF9, WRKY57, MYB55, and COL4)
were identified as potential regulators of PYE.

doi:10.1371/journal.pone.0136591.t002
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some of the type specific (activation or inhibition) predictions were incorrect. This may be
because the CDAA was based on the assumption that change in expression of a potential regu-
lator leads to change in the expression of its target gene in isolation (a rise in a target can only
be the result of a rise in its regulator if these genes have a positive influential relationship). This
assumption does not take into account combinatorial effects of multiple transcription factors
acting on the expression of one gene, and the resulting algorithm predictions of positive or neg-
ative influence are unable to assess to what extent each regulator controls the expression of
each target in combination. Also, it may be possible that similar yet delayed expression patterns
could instead be indicative of a regulator acting to continuously dampen expression of targets
that are activated by another regulator. This effect is a likely explanation for the results seen
for ETF9 and ASIL2, which both were predicted as positive regulators of their targets by the
CDAA due to trend similarities. Experimentally measured expression of regulators and targets
using qRT-PCR indicate, however, that target expression is increased in both mutant back-
grounds. This may indicate that under iron deprivation, increased expression of the regulators
works to constrain the expression of the targets. Thus, the assumption on the type of influence
between a potential regulator and its target, widely used in gene regulatory network inference
algorithms, appears to be limited in the case of our application.

Transcription factors that were not predicted to be regulated by the 7 regulators (dissimilar-
ity value higher than 0.4 at at least 2 out of 3 thresholds) were chosen as negative control genes.
Expression of each negative control gene was not significantly different in the mutant back-
grounds, indicating that the expression alterations seen are specific to the predictions of the
algorithm and not indicative of widespread expression alterations in the mutants (S4 Fig,
S7 Fig).

While other algorithms have been developed to infer regulatory relationships based upon
transcriptomic data, they are typically driven by substantial prior knowledge of regulator-target
relationships or are of limited utility for minimal, unevenly spaced datasets. For example, the
Event Method [24], similar to the CDAA, aims to infer causal relationships between genes by
aligning their differential expression patterns with an assumption of a possible delay in regula-
tion, but required modification to work with an unevenly sampled time course dataset. After
implementing a linear interpolation step as a modification to the Event Method algorithm and
limiting a set of genes to transcription factors, we obtained predictions for the same known

Fig 6. Regulatory relationships predicted by the CDAA. Predicted regulations between 7 early stage transcription factors and 7 known iron homeostasis
transcription factors. Edges indicating positive regulations are green and edges indicating negative regulations are red.

doi:10.1371/journal.pone.0136591.g006
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Fig 7. Expression validation of predicted targets in mutant regulator backgrounds. Root tissue was collected from seedlings grown 4 days on iron
sufficient media and transferred to iron deficient media for 3 days. Expression values are normalized to β-tubulin and to WT (Col-0) expression for each gene.
Error bars indicate ±SEM (n = 4). Mutant backgrounds are (A)obp4-1, (B)wrky57-3, (C)etf9-1, (D)col4-1, (E)asil2-1, and (F)myb55-1. Asterisk indicates
significant difference fromWT (Student’s t-test, p < 0.05).

doi:10.1371/journal.pone.0136591.g007
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iron response genes used with the CDAA. The predictions resulted in a network containing 44
nodes and 144 edges. Only 2 regulatory connections that were identified by the CDAA and
experimentally validated were found in the Event Method prediction set. Thus, the CDAA is
an improvement on currently available regulatory inference algorithms.

Identification of direct connections using enhanced yeast one-hybrid
Though the CDAA can predict influential relationships between transcription factors and their
targets, it can not differentiate between direct (binding) or indirect connections. We utilized
yeast one-hybrid (Y1H) analysis to identify direct regulatory connections involving one of the
target genes, PYE, and to see if any of these connections correspond to CDAA predictions. We
cloned the promoter region of PYE into Y1H reporter constructs and screened it against an
expanded collection of A. thaliana root specific transcription factors [46, 47]. We identified 20
transcription factors that bind to the PYE promoter (S1 Table). Two of these transcription fac-
tors are differentially expressed under iron deficiency and were thus a part of CDAA analysis.
It is likely that other interactions could have been missed in the Y1H analysis because this
assay is conducted in vitro and independent of iron availability. Some direct interactions may
require other regulatory machinery found only in plants or only under iron deficiency.

One of the two iron-responsive transcription factors that bound the PYE promoter is
ASIL2, which was predicted and validated to affect the expression pattern of PYE (Fig 7, S4
Fig). Interestingly, ASIL1, the close homolog to ASIL2, also binds the PYE promoter (S1
Table). The other iron-responsive transcription factor that targets PYE, HB-12, was not pre-
dicted to regulate PYE expression via the CDAA because the minimum dissimilarity in the
alignment of HB-12 and PYE expression occurred at a delay of 0 hrs, where the CDAA is
unable to distinguish between genes affecting each other and genes that are co-expressed.

The close homolog to ASIL2, ASIL1, is known to bind to the GT-box-like-element
(GTGATT) [48]. This element is found in the PYE promoter region. Given that PYE was vali-
dated as a direct connection, it is possible that ASIL1 and ASIL2 share this binding element. It
could also be possible that ASIL2 binds to other unidentified promoter elements. The CDAA
as an expression analysis tool will therefore be particularly effective in tandem with promoter
analysis and high throughput transcription factor binding data including Y1H and chromatin
immunoprecipitation sequencing (ChIP-Seq). These additional experiments could improve the
specificity of further predictions by revealing characteristics that are common specifically to
direct connections. It is striking that even though binding predictions were not the immediate
goal of the CDAA, one such connection was detected.

The 7 regulators predicted to influence known iron regulators come from distinct transcrip-
tion factor families and are all previously unlinked to iron homeostasis. Several of the validated
transcription factors (S6 Fig) have known or predicted roles in stress and development. COL4
(At5g24930) has a predicted B-box zinc finger domain and CCT motif [49]. Although COL4 is
uncharacterized, it is closely related to COL3, involved in light signaling and root growth [50].
ASIL2 (At3g14180) has been shown to play a role in regulating embryo maturation together
with its close homolog ASIL1 [43]. Both ASIL1 and ASIL2 are members of the trihelix tran-
scription factor family. ASIL1 recognizes and binds to a specific element in promoter
sequences, and over 1000 genes are misregulated in the asil1-1mutant background [48]. Early
chlorophyll accumulation during embryo development is seen in both asil1 and asil2mutants,
and more strongly in an asil1asil2 double mutant [43]. Given the requirements of iron for chlo-
rophyll biosynthesis, as well as links between seed iron content and embryogenesis [16, 51–53],
it is possible that ASIL2’s role in embryo development is related to its role in iron homeostasis.
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We did not observe visual phenotypic differences from wild type for any of the mutants
when grown under iron deficient conditions (data not shown). This result is not necessarily
unexpected, especially given the modest alterations in target expression seen. The algorithm
assigns multiple regulators to each iron homeostasis gene of interest, indicating that combina-
torial effects may be in effect. Therefore, it will likely be necessary to examine higher order
mutants to observe more dramatic phenotypes.

Conclusion
The CDAA was able to make specific predictions about regulatory relationships between genes.
A set of 931 potential regulatory relationships between 133 differentially expressed transcrip-
tion factors and the 7 chosen targets was reduced by the CDAA to a very testable subset of 32
connections. The majority of the relationship predictions (53%) were experimentally validated
by significantly altered target expression in a background with altered regulator expression.
The regulators identified were previously unlinked both to a role in iron deficiency and to the pre-
dicted targets. One of the connections predicted by this algorithm was a direct connection, vali-
dated by Y1H analysis. Together, these results yield a small network of interactions which has
expanded our understanding of the iron deficiency response in A. thaliana to novel genes
and connections (Fig 8). Thus, the developed CDAA is capable of making predictions with bio-
logical significance and can be used to reveal gene regulatory connections in distinct fields of
study.

Materials and Methods
Plant Growth and Materials
The Arabidopsis thaliana ecotypes Columbia (Col-0) and Landsberg erecta (Ler) were
used as wild type, depending on mutant background. T-DNA insertion lines for obp4-1
(SALK_118463), wrky57-3 (GK-078H12), etf9-1 (SALK_025328), col4-1 (SALK_092012C),

Fig 8. Experimentally validated regulatory relationships. Validated regulations between 4 early stage transcription factors and 7 known iron homeostasis
transcription factors. Edges indicating positive regulations are green and edges indicating negative regulations are red. Edge indicating a direct connection
validated by Y1H is darker.

doi:10.1371/journal.pone.0136591.g008
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asil2-1 (SAIL_258_F06), myb55-1 (GK-460G09), and asil2-2 (ET8777) were confirmed using
primers listed in S2 Table. A. thaliana seedlings were grown on iron sufficient media (+Fe)
containing Murashige and Skoog basal salt solution supplemented with 0.05% (w/v) MES,
1% (w/v) sucrose, and 0.1 mM Fe-EDTA in the place of iron sulfate. Iron deficient media
(–Fe) is prepared as described above except 0.3 mM of the iron chelator ferrozine is substi-
tuted for iron sulfate. Prior to plating, seeds were sterilized in 70% EtOH for 5 minutes, 30%
bleach and 0.02% Triton X-100 for 15 minutes, and then rinsed 3 times in dH2O. Seeds were
stratified in dH2O for 2–3 days at 4°C. For expression analysis, seeds were sown directly on
100 μmNitex Nylon mesh (Genesee Scientific) on square plates filled with iron sufficient
media for 4 days, and transferred to iron deficient media for 3 days.

qRT-PCR
Total RNA was isolated from pooled roots of A. thaliana seedlings using the RNeasy Plant
Mini Kit (Qiagen). cDNA was synthesized using the SuperScript1 III cDNA synthesis kit (Life
Technologies) with oligo(dT) primers. qRT-PCR was performed using iTaq™Universal
SYBR1 Green Supermix (Bio-Rad) and the StepOnePlus™ Real-Time PCR System (Applied
Biosystems). Primers are listed in S2 Table. Relative expression was calculated using the 2!DDCT

method, normalized to β-tubulin and wild type. Statistical analysis was performed using Stu-
dent’s t-test (p< 0.05) (n = 4).

Plasmid Construction
The PYE promoter construct was created as described in Long et al.[4]. Briefly, 1120 bp
upstream of the PYE start codon was amplified using primers listed in S2 Table and cloned
into the pDONR™ P4-P1R (Invitrogen) vector. This fragment was recombined into HIS3 and
LacZ promoter:reporter vectors for enhanced yeast one-hybrid (Y1H) screening, as described
in Gaudinier et al. [47].

Supporting Information
S1 Fig. Dissimilarity tables for PYE at different thresholds. Dissimilarity scores between
PYE and its putative regulators at a range of delays based on differential expression
patterns with (A) No threshold, (B) Threshold of 0.2, or (C) Threshold of 0.4. ‘-i’
signifies that smaller dissimilarity scores were obtained for inverted regulator expression

(d̂ðgR;gT ;mDTÞ < dðgR;gT ;mDTÞ 8m); ‘-a’ signifies that smaller dissimilarity scores were

obtained for non-inverted regulator expression (dðgR;gT ;mDTÞ < d̂ðgR;gT ;mDTÞ 8m).
(TIFF)

S2 Fig. Location of T-DNA insertions and qRT-PCR primers in regulator genes. Regulator
genes shown with exons in blue, untranslated regions (UTR) in gray, and promoters and
introns as lines. Insertion locations are indicated with triangles and lines underneath genes
indicate region spanned by qRT-PCR primers.
(TIFF)

S3 Fig. Expression of regulators in mutant backgrounds. Root tissue was collected from
seedlings grown 4 days on iron sufficient media and transferred to iron deficient media for 3
days. Expression values are normalized to β-tubulin and to WT (Col-0) expression for each
gene. Error bars indicate ±SEM (n = 4). Expression of (A) OBP4, (B)WRKY57, (C) ETF9, (D)
COL4, (E) ASIL2, and (F)MYB55 in respective mutant regulator backgrounds. Asterisk
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indicates significant difference fromWT (Student’s t-test, p< 0.05).
(TIFF)

S4 Fig. Expression validation in alternate allele asil2-2. Root tissue was collected from seed-
lings grown 4 days on iron sufficient media and transferred to iron deficient media for 3 days.
Expression values are normalized to β-tubulin and to WT (Ler) expression for each gene. Error
bars indicate ±SEM (n = 4). Expression of (A) ASIL2 regulator, (B) ASIL2 targets, and (C) neg-
ative control gene IAA27 in asil2-2mutant background. Asterisk indicates significant differ-
ence fromWT (Student’s t-test, p< 0.05).
(TIFF)

S5 Fig. No accumulation of full-length transcript in exonic insertions. Root tissue was col-
lected from seedlings grown 4 days on iron sufficient media and transferred to iron deficient
media for 3 days. PCR was performed on cDNA using primers for full length product (TOPO
F&R) for (A) ETF9, (B) ASIL2, and (C)MYB55, each shown with β-tubulin (bTUB) transcript
as a control and run until saturation (35 cycles).
(TIFF)

S6 Fig. Predicted and tested relationships between regulators and known iron homeostasis
transcription factors.
(TIFF)

S7 Fig. Expression of negative control genes in mutant backgrounds. Root tissue was
collected from seedlings grown 4 days on iron sufficient media and transferred to iron defi-
cient media for 3 days. Expression values are normalized to β-tubulin and to WT (Col-0)
expression for each gene. Error bars indicate ±SEM (n = 4). Expression of (A) ERF3, (B)
IAA27, (C) IAA27, (D) UPB1, (E) IAA27, and (F) UPB1 negative control genes in mutant
regulator backgrounds. All values are not significantly different fromWT (Student’s t-test,
p< 0.05).
(TIFF)

S1 Table. Transcription factors that bind to the PYE promoter in Y1H analysis. Transcrip-
tion factors with gene activity under iron deficiency are indicated in red and the connection
predicted by the CDAA is indicated in bold.
(TIFF)

S2 Table. Primers used in this study.
(TIFF)

S1 File. MatLab source code for the CDAA.
(M)

S2 File. Transcriptome data.
(CSV)

S3 File. List of transcription factors.
(CSV)

S4 File. Gene cluster membership.
(CSV)

S5 File. Dissimilarity tables for targets.
(PDF)
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CHAPTER 8 

Scalable dynamic modeling of the iron deficiency response in Arabidopsis thaliana; 

experimental investigation of iron deficiency on a gradient 
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INTRODUCTION 

Plants require iron for growth and development and are known to respond to iron deficiency 

at the molecular and physiological level. Current study of this response is at a point where a 

breadth of experimental data has been collected and analyzed, yet key questions remain 

unanswered. Computational approaches can be very effective at such a point when ample 

data is available to create an informed model that can be used to answer questions of 

biological interest. Furthermore, creation of a model and predictions about this response 

system will help to inform the next set of large-scale data collection.   

   Iron deficiency triggers a large regulatory response, leading to the transcriptional 

activation of key proteins that modify physiological responses. This physiological response, 

defined as the Strategy I response in non-grass species, is characterized by an increase in 

rhizosphere acidification mediated by proton pumps, increase in iron reductase activity, and 

an increase in iron transport across epidermal cell membranes (Marschner et al., 1986). All 

of these responses are known to be transcriptionally induced under iron deficiency, primarily 

by FIT, a transcription factor which dimerizes with several other bHLH transcription factors 

to induce target expression (Jakoby et al., 2004; Bauer et al., 2004; Colangelo & Guerinot, 

2004; Bauer et al., 2007; Yuan et al., 2008; Ivanov et al., 2012). Some other transcription 

factors can modulate this response along with FIT (Palmer et al., 2013; Zhang et al., 2015; Li 

et al., 2016; Liang et al., 2017), and additional transcription factors are known to modulate 

other physiological responses throughout the root and plant including mobilization and 

sequestration of iron (Rampey et al., 2006; Long et al., 2010; Palmer et al., 2013; Selote et 

al., 2015; Zhang et al., 2015; Li et al., 2016; Liang et al., 2017). Biological study of the 
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regulatory mechanisms of iron deficiency in the root of Arabidopsis thaliana specifically 

have focused and organized these responses into several overlapping and interacting 

networks. In particular, networks centering around the activity of the transcription factors 

FIT and homologs, PYE and homologs, and MYB10/MYB72 (Long et al., 2010; Palmer et 

al., 2013; Li et al., 2016). Mutants of many of these key iron regulators exhibit extreme 

physiological phenotypes ranging from inability to develop in the absence of excess iron in 

fit mutants to intolerance to iron deficiency in pye mutants to tolerance in bts mutants 

(Jakoby et al., 2004; Bauer et al., 2004; Colangelo & Guerinot, 2004; Long et al., 2010; 

Selote et al., 2015). Intriguingly, knockdown mutants of bts are more tolerant to iron 

deficiency yet full knockout mutants are lethal (Long et al., 2010; Selote et al., 2015). Some 

other mutants only exhibit noticeable phenotypic alterations when present in combination, for 

example in the case of bhlh100bhlh101 and myb10myb72 (Sivitz et al., 2012; Palmer et al., 

2013). This indicates that these genes must be under precise control and simply engineering 

plants that inhibit these iron response transcription factors, will not address agricultural 

concerns for iron deficiency, as an optimal response lies somewhere in the middle. A set of 

transcription factors that modulate the iron response transcription factors have recently been 

identified (Koryachko et al., 2015b; Zhang et al., 2015; Li et al., 2016). However, it remains 

unclear how these modulating transcription factors, separate and in combination, enhance or 

suppress the molecular phenotypes associated with the well studied iron response 

transcription factors. Understanding this requires a quantitative assessment of the influence 

mechanisms involved in the iron mitigation process. Mathematical modeling can help 

describe the relationships between these genes and allow for prediction of the effects caused 
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by manipulating the influencing genes or iron conditions that have not yet been studied. 

Modeling can also be used for estimating activity patterns of regulatory genes that haven’t 

yet been identified, thus, giving additional information for expanding the list of genes 

involved in iron deficiency mitigation.  

Here we are interested in the question of whether mathematical models can be used to 

determine how transcriptional regulators of the iron deficiency response are modulated to 

achieve their fine-tuned response. We are focused on modeling the layer of regulatory 

network that includes transcription factors responsible for significant phenotypic effects and 

their regulators to eventually predict efficient mechanisms of phenotype manipulation. This 

layer includes bHLH39, bHLH101, bHLH115, PYE, MYB10, MYB72, and BTS, which 

were previously described, and a set of recently described regulators, termed modulating 

transcription factors, including COL4, ETF9, ASIL2, MYB55, bHLH34, bHLH104, and 

bHLH105 (Koryachko et al., 2015b; Zhang et al., 2015; Li et al., 2016) (Figure 1).  

Modeling the fine-tuned transcriptome activity involved in iron deficiency response 

requires an approach that can capture gene expression changes over time. Static models that 

range from clustering techniques to more complex Bayesian networks (Murphy & Mian, 

1999; Friedman et al., 2000; D'haeseleer et al., 2000; Dojer et al., 2006) are limited in 

predicting transcriptome dynamics, but can be used as a starting point when constructing a 

mathematical representation of gene activity over time (Koryachko et al., 2015a). Boolean 

networks and systems of differential equations are mainly used to describe transcriptome 

evolution over time under a condition of interest. Boolean gene regulatory networks 

represent each gene expression value as active or inactive and determine the state 
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combinations that influence each gene (Chueh & Lu, 2012; Wang et al., 2012; Saadatpour & 

Albert, 2013). These networks require thresholds to discretize each gene’s activity to an 

active or inactive state. This is not a trivial task and leads to a large amount of uncertainty 

which propagates with each modeling time step, thus affecting predictive power.  Because of 

these limitations we opt for the second and more widely used option for dynamic modeling, 

specifically Ordinary Differential Equations (ODEs). The theoretical basis for explaining 

gene expression dynamics with a system of Ordinary Differential Equations (ODEs) has been 

laid out in research papers (Guthke et al., 2005; Carrera et al., 2009; Wittmann et al., 2009; 

Sánchez-Corrales et al., 2010; Palafox et al., 2013) and reviews (Brewer et al., 2008; 

Polynikis et al., 2009; Panse & Kshirsagar, 2013). This option provides a range of flexible 

mathematical constructs for modeling gene regulatory activity over time with various 

complexity of representation. 

  Determining the best ODE model representation requires a balance between the 

amount of experimental data that is required for sufficient predictive power and the 

complexity of the predictions that can be made. Some ODEs based models opt for simplicity 

by omitting biological relevance of corresponding parameters and others use more 

complicated structures with parameters which are more biologically meaningful and can 

potentially be experimentally. In all cases there is a trade-off between the data available and 

the inference results that can be expected. The most commonly modeled system in plants, the 

circadian clock, has been subject of a number of ODE models (Locke et al., 2005b,a), 

continuously improved over time by the addition of new feedback loops (Locke et al., 2006), 

post-transcriptional and post-translational regulation (Pokhilko et al., 2010), and mutant 
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expression data (Pokhilko et al., 2012; 2013). In each case the addition of new data allowed 

for greater descriptive and predictive power (Bujdoso & Davis, 2013). A more recent paper 

was able to extend and link these genetic interactions to flowering and growth pathways 

(Seaton et al., 2015). Overall this progression provides a sense for the value in additional 

data and model refinement while acknowledging the predictive power even of the more 

simple models. Similarly, this set of articles exemplifies the utility that could be offered by a 

scalable approach if planning ahead for additional data. 

  The iron deficiency response in plants is a very complicated biological process with a 

host of factors. A dynamic model that accounts for all possible factors is currently unfeasible 

due to a lack of experimental data. Switching to a more complex and, thus, descriptive model 

structure when new data becomes available is not straightforward since published models are 

not always provided with guidance as far as the amount of data needed. We propose a 

scalable approach to building an ODE model structure that dictates the types of experimental 

data to be collected for the basic process description and extends to a more complicated 

representation when additional data is available. The developed scalable modeling approach 

is based on biological rationale, facilitates the choice of ODE structure based on the data at 

hand, combines different kinds of datasets, and suggests experiments or sources of additional 

knowledge needed to improve predictive power of the model by scaling it up while 

parameters remain identifiable. In this work we provide mathematical tools to address 

challenges that may arise when creating and fitting a similar ODE model, including 

simulation of hidden influences, parameter identification, uncertainty quantification, and 

model structure scaling to combine sets of expression data.  
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 In this chapter, I specifically describe experimentation used to develop a better 

understanding of one key component of the ODE model, namely the nature of an unknown 

and as of yet uncharacterized iron deficiency response signal and how the genes in the 

network respond to this signal. This experimentation provides numerical values 

corresponding to a function describing this unknown signal as well as parameters describing 

the degree to which all genes in the network respond to it. Further biological experimentation 

will clarify other parameters in the network and lead to eventual formation of the ODE 

model. Following model creation, predictions can be made and validated concerning the 

impact of removing combinations of regulators from the network or altering the strength of 

the iron deficiency signal. 
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RESULTS AND DISCUSSION 

A scalable approach to building a dynamic model provides a guide through the levels of 

complexity included in a set of ODEs while finding a balance between available data and 

descriptive capabilities of the inferred model. This approach allows for an increase in model 

complexity when new experimental data becomes available. 

Gene expression can be assumed to be a balance between the rate of transcription and 

the rate of mRNA degradation. Assuming a transcriptional steady state, i.e. both rates are 

constant and no iron deficiency stress is applied, we can model gene expression with the 

following ODE: 

𝑑𝑥
𝑑𝑡 = 𝑎 − 𝑏𝑥 

where 𝑥 represents gene expression, 𝑎 represents transcription rate, and 𝑏 represents the 

mRNA decay rate. The ratio of the rates can be estimated by measuring steady state gene 

expression 𝑥!! and resolving between 𝑎 and 𝑏 requires additional experimentation. In this 

study we conducted decay rate measurement experiments under iron deficiency and iron 

sufficiency to resolve between rates of transcription and degradation and capture decay rate 

stress dependence.  

Iron deficiency is another factor that contributes to expression changes for the genes 

in our model. These genes respond to the change in available iron through expression change 

of regulators. The combined regulatory effect can be modeled as a product of all constant 

effects and all transient effects. The constant effect term (𝑎) includes the constitutive 

transcription rate and the steady state effects of regulators. The transient effect term 
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represents the changes in regulators under the stress conditions and, thus, should turn into 1 

when the stress is absent: 

𝑑𝑥
𝑑𝑡 = 𝑎 1+ 𝑢 𝑡 − 𝑏𝑥 

where 𝑢(𝑡) is a function representing the transient part of currently unknown regulators that 

change their expression under the stress condition. The shape and the corresponding equation 

for 𝑢(𝑡) can either be modeled as a continuous shift from one state to another (sigmoid 

function) or fitted using Gaussian process approximation (Williams & Rasmussen, 2006; Gao 

et al., 2008; Ji et al., 2016).  

In order to get a better sense of how plants respond to this unknown signal, we first 

more thoroughly investigated the effect of iron deficiency. Rather than testing the effect of 

extreme iron deficient conditions (-Fe), we tested plants transferred from standard (+Fe) 

media to a gradient of iron conditions ranging from the this extreme condition to a low iron 

condition, and levels of 0.2, 0.4, 0.6, 0.8, 1x (+Fe), and 5x (excess Fe) times the normal 

amount of iron found in standard Murashige and Skoog (MS) plant media. We tested some of 

the most noticeable and measurable responses to iron deficiency, namely root length, shoot 

mass, and chlorophyll content. We predicted that plants may display iron deficiency 

phenotypic responses as an on-off switch, whereby a certain amount of iron is required and 

anything less than this cutoff would result in the same deficient phenotypes. Alternatively, 

plants could display a gradient of iron deficiency responses. Previous study and logical 

assessment supports a gradient response, but a thorough study of this nature has not yet been 

published (Gruber et al., 2013). It is important to note that in nature iron deficiency does not 
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occur due to the total of iron ions in the ground, but rather due to their solubility as 

influenced by oxygen content and pH (Broadley et al., 2012). Availability of iron in nature, 

therefore, is likely to occur on a gradient and it would be advantageous for physiological 

responses to also occur on a gradient. Those responses that are a direct manifestation of a 

lack of iron within the plant, reduction in chlorophyll content as an example, should also 

correlate to the amount of iron in the media.  

Indeed, we see responses to iron deficiency occurring on a gradient, with root length, 

shoot mass, and chlorophyll content peaking with an iron content of 0.6 and decreasing at 

values less than or higher than this happy medium (Figure 2). Many studies have found 0.5 

(half MS) media to be optimal for A. thaliana growth on plates, particularly for the 

encouragement of root growth, and it is unsurprising that even only for iron this composition 

is most beneficial (Dubrovsky & Forde, 2012). Further investigation at a finer gradient may 

clarify if this peak at 0.6 is an anomaly or if the response truly does operate at a bell curve 

focusing near 0.5 or 0.6 MS.  

Intriguingly, a significant and dramatic difference in root length was observed when 

comparing between the -Fe and low Fe conditions (Figure 2). The only difference between 

these media preparations is the addition of the iron chelator ferrozine in the -Fe condition. 

The -Fe condition, therefore, corresponds to a true and complete deficiency with absolutely 

no available iron and perhaps additional deficiency due to chelation of available apoplastic 

iron in the root. This is plausible, considering that the root apoplast is a known pool of iron 

that can be remobilized under iron deficiency and could, presumably, be immobilized by 

ferrozine (Bienfait et al., 1985; Lei et al., 2014). Ferrozine is added in order to remove any 
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trace iron found in media, agar, or glassware, which can be estimated to around 0.01 MS iron 

levels (~0.37 mg/L compared to 37 mg/L found in MS based on allowable trace iron in the 

agar used). This difference in conditions can either be attributed, therefore, to a difference 

between severe or mild iron deficiency (Gruber et al., 2013) or to toxicity of ferrozine 

unrelated to iron deficiency. It is impossible or at least at this time unfeasible to separate the 

toxicity of ferrozine due to iron deficiency from other unknown toxicities so for now on we 

assume the former and refer to -Fe and low Fe specifically as points on a gradient of iron 

deficiency.  

Next, we investigate molecular responses to iron deficiency on a gradient by 

measuring relative expression of all genes in the network over a time course following 

transfer to +Fe, -Fe, low Fe, and excess Fe. The target genes (bHLH39, bHLH101, bHLH115, 

PYE, MYB10, MYB72, and BTS) were chosen specifically for their previously published roles 

in the iron deficiency response and induction under iron deficiency (-Fe). We therefore 

predicted that target gene behavior would replicate previously published responses and 

induce strongly under iron deficiency (-Fe) and mildly or not at all under iron sufficiency 

(+Fe). We also predicted that the molecular responses of these iron genes would correlate to 

phenotypic responses and occur on somewhat of a gradient, responding either slower or with 

less magnitude to a milder deficiency (low Fe).  

We observe that all target genes respond significantly differently and at less of a 

magnitude to low Fe than to -Fe (Figure 3 H-N). This result supports conclusions from 

phenotypic data that the iron deficiency signal can operate on a gradient level. These 

observation inform the choice of function for describing the iron deficiency signal and 
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indicate that it should operate not as a simple on-off switch but as a function that can increase 

gradually in effect. In order to incorporate this effect into the model, we choose a sigmoid 

step function with scale coefficient 𝑢!, rate coefficient 𝑟, and delay coefficient 𝜏 to model 

𝑢! 𝑡  (the time of half rise) as follows: 

𝑢! 𝑡 =
𝑢!!

𝑒!!!! − 1
𝑒!!! − 1 + 1

 

Given that each gene may be responding to different unknown regulators and therefore a 

different iron signal, the coefficients in this function will be estimated per gene during model 

formation. This function resembles the gene expression patterns that the signal regulates and 

allows for a gradual increase in signal over time (Figure 4).  

Induction under iron deficiency was mild or nonexistent for regulator genes (Figure 3 

A-G). COL4 and bHLH34 are not significantly affected by any iron condition at any time 

point between 0 and 36 hours (Figure 3 A, E). ETF9, bHLH104, and ILR3 are significantly 

induced only at 36 hours following severe iron deficiency and not at all under mild iron 

deficiency (Figure 3 B, F, G) and ASIL2 and MYB55 are significantly repressed at 12 hours 

and 24-36 hours, respectively, following severe iron deficiency (Figure 3 C, D). These results 

are surprising. The data utilized to identify many of these regulators (COL4, ETF9, ASIL2, 

and MYB55) was based on microarray data that was collected only under iron deficiency and 

normalized to eliminate the impact of magnitude of change (Dinneny et al., 2008; Long et 

al., 2010; Koryachko et al., 2015b). The inclusion of iron sufficient data as a comparison and 

acknowledgement of magnitude and significance allow for a better understanding of the 

activity of these regulator genes. Some or all of these regulator genes are only subtly induced 
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or repressed under iron deficiency and their supported role in the regulation of target genes 

may be a regulation that occurs under normal iron sufficient conditions as well and 

throughout the development of the plant root. This new expression data will be used in place 

of the original microarray data in fitting the ODE model as it is better able to delineate 

between responses to iron deficiency and responses that may occur normally over time.  

 Overall, the experimental data collected provides a better understanding of the 

gradient of responses, both phenotypic and molecular, that occur in plant roots under a range 

of iron deficient conditions. Given that the ODE model that will be produced is concerned 

with the changes in target genes (bHLH39, bHLH101, bHLH115, PYE, MYB10, MYB72, 

and BTS) under iron deficiency and the factors that influence this, the observation that this 

expression response can occur differently under two different levels of iron deficiency is a 

key conclusion. Future models should aim to move beyond a description of gene activity to a 

description of how gene activity can influence the way that plants grow. The presented 

preliminary analysis of plant phenotypic responses to a gradient of iron deficiency can 

therefore inform future efforts to bridge this gap.  
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MATERIALS AND METHODS 

Plant materials and growth conditions 

Arabidopsis thaliana ecotype Columbia (Col-0) was used as the wild-type accession for all 

experiments. The homozygous T-DNA insertion lines bhlh34 (CS411089), bhlh104-1 

(SALK_099496) and ilr3-3  (SALK_043690) were previously confirmed by and obtained 

from Dr. Liang Gang (Li et al., 2016). Seed sterilization was performed as previously 

described (Long et al., 2010). For all assays plants were plated on 100 µm Nitex nylon mesh 

(Genesee Scientific) on iron sufficient (+Fe) media for 4 days and transferred to iron 

condition of interest. Iron sufficient (+Fe) media is standard Murashige and Skoog (MS) 

media with 0.05% (w/v) MES, 1% (w/v) Sucrose, 1% (w/v) agar, and 100 µM Fe-EDTA 

substituted for iron sulfate. Low iron (low Fe) media is the same without added Fe-EDTA, 

iron deficient (-Fe) media has no added Fe-EDTA and the addition of the iron chelator 300 

µM ferrozine, and excess iron (excess Fe) has 500 µM Fe-EDTA. Gradient iron conditions 

are indicated by concentration of Fe-EDTA. 0 µM Fe-EDTA corresponds to the addition of 

ferrozine (-Fe), 1 µM Fe-EDTA corresponds to trace Fe in the media (low Fe), 100 µM Fe-

EDTA corresponds to +Fe, and 500 µM Fe-EDTA corresponds to excess Fe. Plants were 

grown vertically at 22°C under 16-h-light/8-h-dark in environmentally controlled plant 

growth chambers.  

 

Iron gradient phenotypic analysis 

All phenotypic measurements were collected for plants grown 4 days on +Fe and transferred 

to iron condition of interest for 10 days. Root length was measured for 32 individual 
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seedlings per condition using ImageJ software (https://imagej.nih.gov/ij/) on scanned images. 

Mass was recorded for 3 replicates of 12 pooled shoots per condition. Chlorophyll content 

was measured for 3 replicates of 12 pooled shoots per condition as previously described with 

slight modifications (Ni et al., 2009). Briefly, weighed tissue was frozen, ground in 80% 

acetone, and centrifuged at 4°C for 5 minutes at 10,000g in the dark. The absorbance of the 

supernatant was measured at 643 and 663 in order to calculate chlorophyll concentrations.  

 

Time course gradient expression analysis 

Total RNA was extracted using the GeneJET Plant RNA Purification Kit (Thermo Scientific) 

and first-strand complementary DNA was synthesized using the Superscript III cDNA 

synthesis kit (Life Technologies). qRT-PCR was performed using iTaq Universal SYBR 

Green Supermix (Bio-Rad) and the StepOnePlus Real-Time PCR System (Applied 

Biosystems). Primers are listed in Supplemental Table 1. Relative expression was calculated 

using the comparative cycle threshold method, normalized to β-tubulin. 

 

Statistical analysis 

Statistical significance was determined using one-way ANOVA (p<0.01) followed by Tukey-

Kramer test (p<0.05) (Figure 2) or t-test (p<0.05) (Figure 3, Supplemental Figure 1). 
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FIGURES 

Figure 1. Iron deficiency gene regulatory network. The given network indicates regulatory 

connections between transcription factors involved in the iron deficiency response. Positive 

influences are colored green and negative influences are colored red. All connections are 

supported by qRT-PCR data in a mutant background, specifically a significant change in 

target expression compared in a mutant knockout or knock-down background compared to 

wild-type expression. Darker connections have also been validated with binding data (Y1H 

or ChIP). The presented network is based on the results of three recent publications 

(Koryachko et al., 2015b; Zhang et al., 2015; Li et al., 2016). New connections (from 

regulators bHLH34, bHLH104, and ILR3) were validated using qRT-PCR with conditions 

standard to original regulators (COL4, ETF9, ASIL2, and MYB55) (Supplemental Figure 1).  

 

 

 

 

COL4 ETF9 ASIL2 bHLH104 ILR3 bHLH34 MYB55

MYB10 bHLH115 MYB72 bHLH39 BTS PYE bHLH101
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Figure 2.  Iron gradient phenotypic responses. Phenotypes were measured for plants 

grown for 4 days on +Fe and transferred to indicated iron condition for 7 days. Error bars 

indicate ±SE (A: 24 biological replicates; B, C, D: 3 biological replicates comprised of 12 

pooled plants per replicate) and columns with different letters are significantly different from 

each other (p<0.05). 
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Figure 3. Time course gradient expression of iron network genes. Plots indicate relative 

expression patterns for genes of interest at 12 hour intervals in the roots of 4 day old 

seedlings transferred from +Fe media to  +Fe, -Fe, low Fe-, and excess Fe media. Error bars 

indicate ±SE (n=3) and expression values are relative to the 0 hour time point and to β-

tubulin. Significant difference from +Fe value at a given time point indicated by asterisk 

(p<0.05).  
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Figure 4. Iron sigmoid function. Representation of overall behavior of the iron sigmoid 

function with sample values 0.25, 0.5, and 1 for rate coefficient 𝑟. 
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Supplemental Figure 1. New mutant expression data. Expression of iron genes of interest 

in bhlh34 (A), bhlh104-1 (B), and ilr3-3 (C) mutant backgrounds relative to wild-type and to 

β-tubulin. Error bars indicate ±SE (n=3) and asterisks indicate significant difference (t-test, 

p<0.05). 
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Supplemental Table 1. Primers used in this study. 

Primer Name Gene Name Gene ID Purpose Sequence 
bTUB_RT_F β-tubulin At1g20010 qRT-PCR CGACAATGAAGCTCTCTACGA 
bTUB_RT_R β-tubulin At1g20010 qRT-PCR AAGTCACACCGCTCATTGTT 
COL4_RT_F COL4 At5g24930 qRT-PCR ACTTATGGTGGTGGTTACAATTGC 
COL4_RT_R COL4 At5g24930 qRT-PCR GGTTGCAGGACCACCGTAAGGATACG 
ETF9_RT_F ETF9 At2g36720 qRT-PCR CTTCTGCAGTTGGGCAACTAG 
ETF9_RT_R ETF9 At2g36720 qRT-PCR CCGTGGCCCAAATCCTGATCTAC 
ASIL2_RT_F ASIL2 At3g14180 qRT-PCR CATCATCACAGCCGCAAGAACAAC 
ASIL2_RT_R ASIL2 At3g14180 qRT-PCR CAATTACGACACTGCATCAC 
MYB55_RT_F MYB55 At4g01680 qRT-PCR CTGAATTGGGGATTAACAATGGAGG 
MYB55_RT_R MYB55 At4g01680 qRT-PCR CTGAGGCTGGAGCTGGTTACATG 
bHLH34_RT_F bHLH34 At3g23210 qRT-PCR TCGTCATCTGTTGGAGCTGT 
bHLH34_RT_R bHLH34 At3g23210 qRT-PCR GTTTCTCGCGACAGGCTTTG 
bHLH104_RT_F bHLH104 At4g14410 qRT-PCR GTCGCTAGAGCCAGAACAGG 
bHLH104_RT_R bHLH104 At4g14410 qRT-PCR ACAGCTCCACCAGATGAACC 
ILR3_RT_F ILR3 At5g54680 qRT-PCR CACAATCCAAGGTCCTGGTTTC 
ILR3_RT_R ILR3 At5g54680 qRT-PCR GGATCCAGGTTCTTTGCTAGCTT 
bHLH39_RT_F bHLH39 At3g56980 qRT-PCR GCTAGTGAGCGTGACCGTCGCAGG 
bHLH39_RT_R bHLH39 At3g56980 qRT-PCR CTTCAAGCTTCGAGAAACCGTCGC 
bHLH101_RT_F bHLH101 At5g04150 qRT-PCR CGCCTTGTACTCTTCACTTCGTGC 
bHLH101_RT_R bHLH101 At5g04150 qRT-PCR CTCCGAGACAAACGTTGAAGTTC 
bHLH115_RT_F bHLH115 At1g51070 qRT-PCR AAGGACATGGTCCTGTGAGG 
bHLH115_RT_R bHLH115 At1g51070 qRT-PCR AAGCAAGCTTGTCCCTTTCA 
PYE_RT_F PYE At3g47640 qRT-PCR CAGGACTTCCCATTTTCCAA  
PYE_RT_R PYE At3g47640 qRT-PCR CTTGTGTCTGGGGATCAGGT  
MYB10_RT_F MYB10 At3g12820 qRT-PCR CGTTTGAGACCTGGTCTCAGATAG 
MYB10_RT_R MYB10 At3g12820 qRT-PCR GCCATGGAGTGATGAAGAAAGTG 
MYB72_RT_F MYB72 At1g56160 qRT-PCR GACTCGAGAGGTAACCAAATCG 
MYB72_RT_R MYB72 At1g56160 qRT-PCR GTTGAACCACTCGTCGTACTC 
BTS_RT_F BTS At3g18290 qRT-PCR GGACTCAACACTTGATCCGAGGAG 
BTS_RT_R BTS At3g18290 qRT-PCR CGGGGAACATCCAAGTTCAACATCACC 
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Symbiotic nitrogen fixation is one of the most promising and immediate alternatives to
the overuse of polluting nitrogen fertilizers for improving plant nutrition. At the core of
this process are a number of metalloproteins that catalyze and provide energy for the
conversion of atmospheric nitrogen to ammonia, eliminate free radicals produced by this
process, and create the microaerobic conditions required by these reactions. In legumes,
metal cofactors are provided to endosymbiotic rhizobia within root nodule cortical cells.
However, low metal bioavailability is prevalent in most soils types, resulting in widespread
plant metal deficiency and decreased nitrogen fixation capabilities. As a result, renewed
efforts have been undertaken to identify the mechanisms governing metal delivery from
soil to the rhizobia, and to determine how metals are used in the nodule and how they
are recycled once the nodule is no longer functional. This effort is being aided by improved
legume molecular biology tools (genome projects, mutant collections, and transformation
methods), in addition to state-of-the-art metal visualization systems.

Keywords: symbiotic nitrogen fixation (SNF), metals, legume, rhizobia, nodule, iron, zinc, copper

INTRODUCTION
Substantial effort has been put forth to increase legume growth
and production of seeds with enhanced nutritional content and
bioavailability. In non-legume crops, investigators have used plant
breeding and biotechnology to successfully increase metal uptake
from soil and delivery to the shoot (Bashir et al., 2013). However,
in legumes, in addition to the metabolic processes common to all
plants, metals are also required the unique process of symbiotic
nitrogen fixation (SNF). SNF heightens the demand for these same
metal nutrients in legumes, often exhibiting signs of nutritional
stress when undergoing nodulation and SNF (Terry et al., 1991;
Slatni et al., 2012). Moreover, nodules, specialized root structures
in which SNF occurs, and the process of nodulation itself, increase
sensitivity to metal nutrient availability. This review highlights
early and more recent studies that provide insight into the role
of the nutritional metals in the various stages of the rhizobium–
legume symbiosis.

STAGES OF NODULE DEVELOPMENT
Nodulation begins with the recognition of host plant-induced rhi-
zobial nod factors by receptors within the membranes of plant
root epidermal cells. This triggers calcium oscillations, membrane
depolarization, and signal transduction cascades that lead to root
hair curling and root cell wall degradation at the site of infec-
tion (for review, see Oldroyd and Downie, 2004). Rhizobia can
then enter the root via invagination of the epidermal cell plasma
membrane, forming an infection thread that grows and eventually

releases rhizobia into the cytosol of nodule primordial cells within
the root cortex. The rhizobia and their surrounding peribacteroid
membrane (PBM), together known as the symbiosome, continue
to divide until cells are filled with thousands of symbiosomes
(for review, see Udvardi and Poole, 2013). Eventually, the bac-
teria within the symbiosomes stop dividing and differentiate into
nitrogen-fixing bacteroids.

Many legumes from tropical and subtropical regions (soybean,
bean) and some from temperate regions (Lotus japonicus) develop
determinate nodules, in which meristem activity halts, causing the
formation of a spherical nodule. In contrast, most other temper-
ate legumes, including those in the genera Medicago, Trifolium,
and Pisum, develop indeterminate nodules. Indeterminate nod-
ules maintain a nodule meristem at the growing tip (zone I),
followed by a zone of infection where rhizobia are released from
the infection thread (zone II), a nitrogen fixation zone (zone III),
and finally, a senescence zone in which bacteroids are degraded
and nitrogen fixation ceases (zone IV; Vasse et al., 1990). Nutri-
ent exchange at the nodule is facilitated by vascular vessels that
surround cortical infected and uninfected cells.

METAL FUNCTIONS IN THE ESTABLISHMENT OF SNF
Metals are key elements of all living organisms (Frausto da Silva
and Williams, 1991) and are an integral part of 30–50% of
the proteome of a typical cell (Waldron and Robinson, 2009).
They are also involved in every biological process, including the
legume-specific stages of SNF from rhizobia infection to nodule
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senescence. During the initial stages of infection, manganese and
calcium facilitate rhizobial colonization of the root by mediating
rhizobial lectin binding to the root hair tips (Kijne et al., 1988).
Later stages of SNF signaling are mediated by calcium-spiking in
the perinuclear region. As a result, calcium-calmodulin depen-
dent kinases (CCaMKs) are activated (Singh and Parniske, 2012).
CCaMKs induce the expression of genes mediating nodulation via
the transcription factors NSP1/2 or NIN (Kalo et al., 2005; Andri-
ankaja et al., 2007). Additionally, high levels of potassium have
been detected in the apical region of indeterminate nodules, where
it might play a role in cell growth (Rodríguez-Haas et al., 2013).
Potassium also acts as the counter-ion compensating calcium in
earlier signaling processes, via transport processes putatively medi-
ated by channels such as CASTOR, POLLUX or DMI1 (Peiter et al.,
2007; Charpentier et al., 2008, 2013). Also, cobalt, a component
of cobalamin in ribonucleotide reductases, is essential for rhizo-
bia endoreduplication, which occurs during differentiation into
bacteroids (Taga and Walker, 2010).

Iron is the key cofactor of many metabolic reactions involved
in SNF. In the early stages of nodulation, heminic iron is criti-
cal for catalase-mediated free radical detoxification (Jamet et al.,
2003). Upon nodule maturation, iron is required for nitro-
genase and leghemoglobin activity. The bacterial nitrogenase
complex is necessary for the actual production of a usable
nitrogen source (ammonia) from atmospheric nitrogen. NifH
and NifDK, components of the nitrogenase complex, require
iron–sulfur clusters and the iron–molybdenum cofactor, respec-
tively. In contrast, leghemoglobin, the most abundant protein
in the nodule cytosol, contains heminic iron. It effectively
buffers oxygen content in the nodule, allowing for levels suffi-
cient for bacteroid respiration without inactivating nitrogenase.
Heminic iron is also critical for energy transduction by rhizo-
bia cytochromes (Reedy and Gibney, 2004). Free iron, directly
coordinated by amino acids, is involved in free radical detoxifi-
cation as part of Fe-superoxide dismutases (Fe-SOD; Rubio et al.,
2007).

Copper also plays a critical role in nitrogen fixation. Increased
copper application results in elevated nitrogen fixation per nod-
ule and increased nitrogen content in plant tissue (Hallsworth
et al., 1960; van der Elst et al., 1961; Snowball et al., 1980; Seliga,
1990, 1993). This element is a cofactor of some of the high affin-
ity cytochromes mediating energy transduction in the bacteroid
(Preisig et al., 1996). It is also part of several superoxide dismutase
systems detoxifying abundant free radicals produced as side prod-
ucts of SNF (Rubio et al., 2007). Additionally, zinc and manganese
are integral elements of many superoxide dismutases (Rubio et al.,
2007). Zinc is also involved in gene regulation as part of the
zinc-finger motif of many transcription factors (Klug, 2010).

Some rhizobia are able to conserve energy by oxidizing
H2 produced during nitrogen fixation via the uptake hydro-
genase enzyme, Hup (Emerich et al., 1979). Hup contains
nickel, and alterations in nickel supply have been shown to
affect Hup activity and formation in soybean and pea (Klucas
et al., 1983; Stults et al., 1984; Brito et al., 1994, 1997). There-
fore, although not required for nitrogen fixation, nickel can
enhance the effectiveness of SNF in those species containing
hydrogenase-encoding species, and may prove more critical if

breeding and engineering efforts focused around this enzyme are
successful.

TRANSITION METAL UPTAKE AND DISTRIBUTION IN SNF
Transition metal transport processes in the nodule are sum-
marized in Figure 1. Legumes are Strategy I plants (Andaluz
et al., 2009), i.e., iron is incorporated after acidification of the
soil, which increases Fe3+ solubility. Ferroreductase can then
reduce Fe3+ to Fe2+, which is finally transported into the epi-
dermal cell by ZIP or NRAMP family members (Curie et al., 2000;
Morrissey and Guerinot, 2009; Figure 1A). Copper is likely incor-
porated in a similar manner. Cu2+ is reduced to Cu+ and a
member of the copper transporter (Ctr) family translocates the
metal across the epidermal cell plasma membrane. Zn2+ and
other divalent ions are possibly directly introduced by ZIP or
NRAMP family members. Many dicots will also secrete organic
acids, phenolics, flavins, and flavonoid compounds under iron
deficiency (Rodríguez-Celma et al., 2013). Phenolic compounds
have recently been shown to modify the rhizosphere microbial
community, leading to increased synthesis of the metal chelators
and siderophores in red clover (Jin et al., 2006), which may also
facilitate root metal uptake.

Symbiotic nitrogen fixation exerts a heavy toll on plant metal
reserves, eliciting up-regulation of metal uptake systems (Terry
et al., 1991). Recently, Slatni et al. (2011) measured the overall
contribution of nodule versus root in rhizospheric iron uptake,
noticing increased ferroreductase activity in the nodule. This could
be due to the nodule epidermis playing a major role in iron uptake.
Alternatively, since the ferroreductase activity was measured in
the microsomal fraction of nodule extracts, some of this increased
activity could result from ferroreductases working within the nod-
ule cortex. This alternative hypothesis would take into account that
the Fe3+, transported as a citrate complex (Rellán-Álvarez et al.,
2010), would have to be reduced to Fe2+ in the nodule cortex in
order to be incorporated by the vasculature cells. In addition, H+-
ATPases and ZIP family members are expressed in the epidermal
layer, in close proximity to the vasculature, and in the nitrogen fix-
ation zone of the nodule (Slatni et al., 2012). These observations
indicate that iron is present in the apoplast of the nodule cortex
and, therefore, cortical cells use these proteins to uptake apoplastic
iron.

Synchrotron-based X-ray fluorescence (S-XRF) studies indicate
that some legumes with indeterminate nodules deliver iron, and
likely other metals, to the nodule through the vasculature rather
than using an epidermal pathway (Rodríguez-Haas et al., 2013).
The metal distribution throughout different regions of the nodule
indicates that there is a massive accumulation of iron around the
vascular cells in zone II extending into the nodule cortical cells.
Interestingly, this is where symbiosis is established and the sym-
biosomes differentiate. Iron accumulation in the apoplast would
require plasma membrane metal transporters to introduce this ele-
ment into the cytosolic compartment to synthesize ferroproteins.
This transport system seems to be very efficient, since very little or
no apoplastic iron is observed in the nitrogen fixation zone of the
nodule. Researchers speculate that a ZIP or NRAMP transporter,
both involved in divalent metal uptake (Nevo and Nelson, 2006;
Lin et al., 2010), are the likely candidates (Figures 1A,B).
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FIGURE 1 |Model of transition metal transport in indeterminate type
nodules. (A) Overview of the metal delivery mechanism. Metals are
typically incorporated following Strategy I, i.e., reduction by a plasma
membrane ferroreductase and uptake by plasma membrane metal
transporters. This process occurs over the entire epidermal surface of
the root, including the nodule. Metals reach the vasculature where they
bind metal chelators as citrate. The metal citrate complex is delivered
to zone II of the nodule (infection/differentiation zone) and the metal is
released into the apoplast and subsequently incorporated into the

infected cell. In zone IV (senescence zone), metals are released to the
apoplast, associated with nicotianamine, and translocated into the
vasculature. (B) Proposed model of metal delivery from the vasculature
to zone II. Proposed transporter families to carry out ion transport are
indicated with a question mark. (C) Proposed model of metal recovery
from the senescent zone of the nodule. Proposed transporter families
are indicated with a question mark. PM indicates plasma membrane;
PBM, peribacteroid membrane; OM, bacterial outer membrane; and IM,
bacterial inner membrane.

ZIP family members have been immunodetected in the nod-
ule (Slatni et al., 2012). However, the only ZIP family member
characterized in this organ, GmZIP1, seems to be localized in
the PBM (Moreau et al., 2002), where it is predicted to play a
role in Zn2+ transport. In this membrane, an Fe2+-transporting
NRAMP member, GmDMT1, is also present (Kaiser et al., 2003 ;
Figure 1B). These transporters may be involved in metal transport
to the symbiosome. However, biochemical analysis of members of
these two families and yeast complementation studies indicate that
neither transporter could play a role in metal transfer to the sym-
biosome (Nevo and Nelson, 2006 ; Lin et al., 2010), instead they
appear to transport metals towards the cytosol. The localization
observed could be the result of the endocytic process mediating
rhizobia release into the host cell (Leborgne-Castel et al., 2010),
which would also carry plasma membrane associated transporters.

A more likely candidate for iron transport into the symbiosome
is SEN1 (Figure 1B). The sen1 mutant in L. japonicus has a num-
ber of alterations in nodulation that are associated with the lack of

nitrogenase activity, most likely due to a deficiency in iron loading
of the symbiosomes (Hakoyama et al., 2012). The proposed role
of SEN1 in iron transport is due to its close sequence similarity to
Saccharomyces cerevisiae CCC1 and Arabidopsis thaliana VIT1 pro-
teins, both involved in divalent metal ion transport into organelles
(Li et al., 2001; Kim et al., 2006). However, more detailed analyses,
such as subcellular localization of the transporter, characteriza-
tion of iron distribution, or the restoration of the phenotype by
the addition of external iron, would be required to conclude this
with certainty

Once metals cross the PBM, they are incorporated and
used by the bacteroid. However, in spite of the huge num-
ber of genomic sequences available from rhizobia, very little is
known about which transporters are involved in metal uptake
and usage (Figure 1B). One of the first studies indicates that
a P1b-type Cu+-ATPase, FixI, is essential for nitrogen fixa-
tion (Kahn et al., 1989). FixI is responsible for transporting
Cu+ to the bacteroid periplasm. Within this compartment Cu+

www.frontiersin.org February 2014 | Volume 5 | Article 45 | 3



 

209 

 

González-Guerrero et al. Metals in symbiotic nitrogen fixation

is integrated into membrane-bound cytochrome cbb3 oxidase
(Preisig et al., 1996), which is responsible for energy trans-
duction in microaerobic environments. The Ni2+ importers
HupE1 and HupE2 play a similar role in providing metal for
the assembly of the Ni–Fe cofactor of hydrogenase (Brito et al.,
2010). No direct evidence for an iron importer is available,
but there is evidence of protective mechanisms against the
local accumulation of toxic concentrations of this element. For
example, the P1b-type ATPase, Nia, is responsible for detoxi-
fying excess Fe2+ that accumulates upon the massive entry of
iron utilized to synthesize nitrogenase and other ferroproteins
(Zielazinski et al., 2013).

The role of citrate in iron transport is important, although
its role in SNF has not been completely elucidated. The citrate
transporter FRD3, a multidrug and toxic compound extrusion
(MATE) protein family member, has been shown in A. thaliana to
be essential for iron transport across symplastically disconnected
tissues (Roschzttardtz et al., 2011). Differences in the expression
of citrate transporter GmFRD3 is a major contributing factor that
distinguishes iron efficient soybean cultivars from iron inefficient
cultivars. This finding suggests that iron efficient varieties exhibit
increased tolerance to low iron due to increased solubility of fer-
ric iron, which is facilitated by increased xylem citrate (Rogers
et al., 2009). However, the function of GmFRD3 has not been
examined in nodulating roots, therefore the role of this puta-
tive transporter within the context of SNF is still unknown. At
the PBM a citrate transporter is also likely be important, since
it has been shown that some rhizobia have a preference for cit-
rate as their siderophore (LeVier et al., 1996). Takanashi et al.
(2013) recently reported nodule-specific expression of a L. japon-
icus MATE family member, LjMATE1 (Figure 1B). LjMATE1
appears to have a substantial effect on iron distribution and
nitrogenase activity in this organ (Takanashi et al., 2013). How-
ever, no precise localization of this transporter has been provided
to date, and as a result the role of this transporter (long dis-
tance iron transport versus PBM translocation) could not be
discerned.

NODULE SENESCENCE AND SEED SET
Nodule senescence is a programmed process coupled with the
entry into the reproductive stage of the host plant life cycle
(Van de Velde et al., 2006). Given that iron is a growth-limiting
nutrient (Grotz et al., 1998), it has to be recycled from the
senescent nodule. A number of studies indicate that this is the
case (Burton et al., 1998; Rodríguez-Haas et al., 2013; Figure 1C).
In young plants, some of this recycled iron might be redi-
rected to younger parts of the nodule, but it would be pre-
dominantly transported to the shoot through the vasculature
as the plant enters its reproductive stage. Burton et al. (1998)
estimated that around 50% of the total nodular iron is recy-
cled in the seed, in a process that is likely to be reminiscent
of leaf senescence (Shi et al., 2012). Although no senescence-
upregulated metal transporter has been identified, a senescent
nodule-specific nicotianamine (NA) synthase has been cloned
(Hakoyama et al., 2009). The synthesis of NA, the molecule
responsible for intracellular and phloem metal transport (Curie
et al., 2009), indicates that the released metals are transported

within the phloem using an unknown Yellow Stripe-like (YSL)
transporter, since YSLs are responsible for NA-metal transport
(Curie et al., 2009).

The steps leading to cell death during senescence include degra-
dation of plant tissue via free radical oxidation (Thompson et al.,
1987). Free radical production in planta can be catalyzed by tran-
sition metals in the Fenton reaction (Stohs and Bagchi, 1995).
Given the high concentration of iron in the nodule, it is likely that
it is responsible for accelerating free radical production and even-
tual senescence (Bhattacharjee, 2005), as evidenced by the strong
reduction in nodular deoxyribose degradation and linolenic acid
peroxidation in the presence of the iron chelator, desferrioxamine
(Becana and Klucas, 1992). No evidence exists for the involve-
ment of other metals in this process, especially given the fact
that concentrations of other catalytic metals are likely too low
to contribute.

FUTURE DIRECTIONS
Although we have learned a great deal about the developmental
and signaling processes involved in SNF in recent years, many
questions remain about the molecular mechanisms by which
nutrients, metals in particular, are transported to and from devel-
oping and mature nodules. Recent advances in high-resolution
elemental analysis have been used to show changes in iron local-
ization in indeterminate nodules (Rodríguez-Haas et al., 2013).
Continued use of these and other elemental localization tech-
niques (for review, see Samira et al., 2013; Zhao et al., 2014) such
as energy-dispersive X-ray analysis or nanoSIMS to detect other
elements should facilitate great strides in understanding metal
distribution and translocation in SNF in the near future.

Recent transcriptomic approaches have also been particularly
useful for identifying whole-genome responses involved in nutri-
ent translocation and assimilation during various developmental
stages of SNF. Transcriptional profiles at the onset of Mesorhizo-
bium loti infection, during nodule primordia initiation and nodule
organogenesis, and at the onset of nitrogen fixation indicate that
there is little overlap between transcripts present at the earlier
stages of infection and those present in fully developed nodules
(Takanashi et al., 2012). This same study led to the discovery
of LjMATE1, the putative dicarboxylic acid (citrate) transporter
described above. Additionally, transcripts involved in the transport
of carbohydrates, metals, and peptides are abundant at all stages of
nodule development. Transcriptomic analysis of L. japonicus nod-
ules of primary and lateral roots, followed by non-biased metabolic
profiling, revealed that the majority of nodule-specific genes are
involved in carbon and amino acid metabolism, while 5% are
involved in transport of metabolites or inorganic ions (Colebatch
et al., 2004). Molecular genetic analysis of candidate genes identi-
fied by these studies should greatly enhance our understanding of
regulatory processes that facilitate nutrient transport for SNF.

Overall, few studies have examined genotypic difference in
response to metal availability in the context of SNF. So the
question remains: what part of the changes in the nodule metallo-
transcriptome are metal dependent and which are symbiosis-
dependent? Time course and split root experiments of nodulating
and non-nodulating roots under nutrient-sufficient and -deficient
conditions followed by cell-specific transcriptional, proteomic,
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and metabolic profiling could begin to answer the question
above. Furthermore, the application of modeling approaches
and comparative studies will allow for the identification of
metal homeostasis factors that are specific to symbiotic interac-
tions and enable efforts for increased production of leguminous
crops.
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